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PREFACE

The Office of Naval Re&.arch spoasn-ed an informal Part 1 Nonlinear Effects
conference on fundamental problems in laser physics
at the Concord Motel in Des Plaines, Illlnois, on Discussion
Monday arid Tuesday, the 22nd and 23rd of March. Leaders: R. Braunstein, UCLA
The meeting was held primarily for the benefit of the Y. R. Shen, UC Berkeley
ONR contractors receiving sup=ort from the Funda- M. Subramanian, Purdue
mentaL Limitations portion of the ONR/ARI'A La.er
Program. However, others interested in this aspect Luncheon
of the ONR/ARPA Laser Program were also invited 12 1"
to contribotc to the neeting, Aligai, -'s at Concord Inn

It was intended that the confereoce primarily be de- Tuesday
voted to discussion of certain specific topics without 23 March 1965
the presentation of formal papers. In order to start 1:00 P.M. - 4:00 P.M.
off each session, specific cotitractors w, re asked to
discuss work on their reseai ýh programs together Session 1I1 Moderator: F. T. Byrne, ONR
with comments on the pos.siblu future direction of
their work. The original agenda for the meeting Part 1 Gas Breakdown
follows:

Discussion
Agenda for Laser Physics Conference Leader: A. Haught, United Aircraft

Corp.
Monday

22 March 1965 Part 2 Refractive Index Variation
3:00 P.M. - 6:00 P. M.

Discussion
Session I Moderator: R. E. Behringer, ONR Leaders: J. Izatt, New Mexico State

University
Part 1 Energy Exchange in Solids (including H. Daw, New Mexico State

crystal field effects) University

Discussion In addition to those on the agenda, several participants
Leaders: D. S. McClure, University made contributions which added suostantially to the

of Chicago success of the conference. Transcripts were pro-
W. Holloway, Sperry Rand vided to all contribators for ed••ing p ...... w-th

-. '•r~p. some additional editing done by the organizer. Most
C. Naiman, Mithras Corp. editing was held to a minimum, although in some in-

stances a considerable amount was done.
Part 2 Energy Exchange in Gases

Many thanks are due Lloyd White and Richard Miller
Discussion of ONR Chicago for the excellent job they did in mak-
Leaders: T. Marshall, Columbia ing local arrangements and providing for both tran-

University scribing and recording services. Prof. Jack Soules
M. Muller, Varian and Lloyd White contributed many helpful suggestions

Associates and constructive criticisms inthe planning of the pro-
gram and thereby assured the overall success of the

Tuesday conference.
23 March 1965

9:00 A.M. - 12 Noon Robert E. Behringer
Office of Naval Research

Session U Moderator: J. A. Soules, New Mexico 1030 E. Green Street
State University Pasadena, California
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Session I Moderator: R. E. Behringer, ONR

Part I Energy Exchange In Solids (including
crystal field effects)

Monday Afternoon
22 March 1965

McClure University of Chicago

Lohr University of Chicago

Holloway Sperry Rand

Schawlow Stanford University

OhIman Westinghouse

Naiman Mithras

diBartola Mithras
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MONDAY AFTERNOON SESSION

March 22, 1965

The Monday Afternoon Session of the Laser Physics infrared and no one as yet has found a suitable expla-
Conference was called to order at three o'clock p. m., nation for it except that it has something to do with
March 22, 1965, at the Lexington Room of the Con- the antiferromagnetism of NiO,
cord:Motel, Des Plaines, Illinois, Dr. Robert E.
Behringer. Moderator. Aln interesting one which we have been working on is

in cobalt fluoride, a rutile type structure. A band at
DR. BEHRINGER: I believe we are ready to start now. about 23, 000 wave numbers appears below the Neel
I think just about everyone is here. I will now turn temperature anddisappears above it. It is polarized
tile meeting over to Prof. Don McClure and he will perpendicular to the C axis and is an electric dipole
give us a synopsis -of tile sort of work lie is doing transition.
at Chicago.

We think this might be an exc ton of some kind in tile
PROF. D. S. McCLURE: Thank you. Tile work we cobalt fluoride lattice and, if so, it will be very inter•-
are doing is in several parts. The part I will spend estilng to identify it positively, because this would be
most time oil is what we call the collective effects on a new kind of excitation. Although excitons are ob-
transition intensities. This is not exactly in energy served in molecular crysta!3 avid in inorganic crys-
transfer, although the effects we are talking about are tals suchas cadmium sulfide, no one has yet positi-ely
those whlich enhance the intensity of anabsorption band seen one in transition metal salts in which the excita-
as a consequence of tile closeness of several ions in tions are d to d electron transitions.
tile crystal.

In order to find out a little bit about these transitions
The first observation that struck my attention was that we havr been using our pulsed magnetic field appara-
the pairs of manganese ions which necur randomly in a tus and have been able to alter the spectrum of this
manlralese-doped zinc sulfide crystal and which we band in fields up to 200 Kilogauss. I can't yet say
identified and have already publisied some years agi what this is telling us, but Interesting things hlave
were ten times more strongly absorbing than tile sin- happened and we believe that shortly we will be able
gle Ions themselves. This suggested that there were to give a reasonable interpretation of these data.
some interesting effects of exchange oil this intensity.

Since there are two ions per unit cell in this crystal
The next observation was that bn pure chromium oxide they may have a collective state which has odd parity.
the quartet transitions are about five times more in- You realize that the states of single ions all have even
tense than they are in ruby, which these transitions re- parity.
semble; there Is one-to-one correspondence between
-U' r;,!ty ....11, on- mi ose ihiii~iiti Oxide. The Well, this is about all I want to say on the collective
doublet transit-ons were enflanced many more fold than fffects ill transition intensities.
the quartet transitions.

We are also doing some work on tile analysis of tile
Then Ferguson has observed some very sharp bands divalent rare earth spectra and I will just give a very
in KMnF3 whilch intensify by an order 0l magnitude or brief idea of what this Is like.
more when the manganese is present as a oure com-
pound compared to the diluted form in KZnF 3 . We are working mainly on the divalent rare earths

which are uninteresting to laser people, I am sorry
We have collected a number of other examplep of this to tell you, but It is these particular ones which do not
nature and Larry Lohr who will follow me, Is Working luminesce which I think will tell us important things
with me on these problems, and he will discuss them about the 5d electrons in these compounds.
briefly.

We put the rare earth into calcium fluoride or stroa-
Our interest was to see if this is a general phienom- Hum chloride and reduce it by various means to +2,
enon, and having found that it is, we want to explain it. while it is in the crystal. We arý now doing various

chemical reduction techniques which work satisfac-
However, we ihave had to back up a b~t and explain the torily, although as you well know we call reduce these
single ion transition moments in more detail, which by radiation methods and by electrolytic methods. We
Larry has largely done. have tried them all.

Tile next aspect of this work has been the study of the But our main interest In studying these ions is to find
extra .nrids which appear in antiferromagnetic com- out whether the ground state in the series of rare
pounds. We have found In the literature and in our ex- earths, starting from lanthanum, going to gadolinium,
perimental work a number of cases ill which a band ending at ytterbium, ever becomes a 5delectron state.
appears below tile N6el temperature and disappears
above it. You realize the 43 rare earths always have 4f elec-

trolls in the ground state and so also do the +2 rore
A band in N1O was the first of these, discovered by earths. In the latter tile low energy transittons aie
Neuman andi Chrenko. This band appears in the of two kinds, the 4U to 4f and 4f to 5d.
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But in the particular cases of lanthanum, gadolinium, f2 configuration. We have to find out which configura-
cerium and terbium, it seems that the 5delectron in- tion produces the ground state in this case.
trudes into such a low energy region that the ground Well, these are all the remarks I want to make about
state may contain a 5d electron. those two problems in general, and Larry can'give us

We ha ve done a quite complete analysis of tile ytterbium a little bit more detail on the particular problem of the

spectrum, whictishows us something about the param- manganese spectra and the collective effects. Per-

eters of the crystal fteld and the electrostatic coupling, haps we should have questions first.

in this one example, and we think we can be equally DR. BEHRINGER: Questions any time they arise, I
successful in cerium. We are getting good spectra would say.
and we have a complete crystal field analysis. PROF. ARTHUR SCI-AWLOW: Have you identified a

There are one hundred forty states in ytterbium a case where the d level Is lowest?

zero symmetry, and something like fifty in the r'lbic PROF. McCLURE: Well, it seems to be fairly cer-
symmetry. In cerium there are fifty states, also, in tain for gadolinium and lanthanum, and cerium and
the (d configuration and about the same number in the terbium are on the borderline.
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DR. LARRY LOHR: The sub-title of this afternoon's year or two. These include the manganese chloride
session is crystal field effects, and that will be the dihydrate, sulfate tetrahydrate, the manga.týse per-
emnphasts in my part of this, although we willsee that chlorate hexahydrate, marganesecarbon:-te, cadmium
there are certain aspects of experiments that as pre- fluoride with manganese, zinc sulfide with manganese.
viously mentioned seem to require some cooperative One or two more represent our own experlmental
interactions in order for them to be explained, work. The rest represent experimental work in liter-

ature and unpublished experimental work by other
As mentioned, we ere ecncerned with the optical researchers.
spectra of divalent manganese salts. If you asK why
divalent marnganese, you recall that divalent manga- The second column just lists the chemical complex,
nese is the ion with a half filled 3d shell and with that
you get more possible arrangemients of electrons and, so to speak. The third column is the site symmetry.
hence, more states than with any other possible num-
ber of electrons. That means the possibility of more Nearly all of these are six coordinated. The only ex-
data with which to test out the ideas. ceptions are cadmium fluoride, which is eight, and

four in the two forms of zinc sulfide.
In addition, some of these transitions are extremely
sharp. Tihe harpest one that I know of is a transition In addition, most of these are centro-symmetric,
in the blue, which has a width at liquid helium tem~per- even though they may not be perfect octahedra, as you
ature about one and a half wave numbers at an energy can see here. Nearly all of these site symmetries
of 25, 000 wave numbers, which is quite sharp. contain the inversion, the exceptions being the

chloride tetrahydrate and sulfaite tetrahydrate and,
The experiments, with very few exceptions, have con- obviously the tetrahedral complexes.
sisted of visible and ultraviolet absorption spectra, a

bare minimum o1 emission and diffuse reflectiop work.
Among the six-coordinated species, the tetrahydrate

Of course, we observe energies and intensities together ones are the only non centro-symmetric ones. Of
with vibrational structure andperhaps finer structure, course, this is important when you recall, as men-
splittings of the order of one to ten vave numbers, as tioned, these transitions are within the d shell, hence

a function of the nature of the salt, the temperature, they are even states to even states.
concentration of mananese in a few cases when it is
in a dilute salt, polarization of light, and also, as The last column lists the manganese distances in these
mentioned, a strong magnetic field up to 200 Kilogauss. various compounds in the form of X-ray data. You

T'he information which we attempt to extract from all see in a number of simple compounds, especially the

this data, first of all is the assignment of excited binary compounds, there are manganese-manganese
distances of between three and a quarter to four Ang-states In term~s of symmetry and spin, this isactually srm.Ti so )~ra•e•_o 3_ f!,i:

the least interesting because at the present state of the st-MPh. i i
arrt- t Ir e-preCyveWii~uderstood for any octahedral com- MN+2 SALTS

plex. However, it is the startingpoint for all the rest
of the analysis, so It is important although there are SITE 1.%' %'Al AND

very fe,i( surprising results. COMPOUND COMPLEX SYMMETRY NOMULR OF N N N
MN F2 MN F6 D2h 3 28 (2k, 3 81 8

The second thing Is the question of intensity mechan- MNCI2 MNC16 3 68 W
isms, which is not nearly so well understood. Other 03 3
information we would like to obtain, of course, are MWBr2 ,MNBr6 Did 3 82(6)
geometry of excited states, information about the
nature of the vibrational structures we observe in MN

1
2 MN

1
6 D3d 4.16 (6)

absorption: are these frequencies different In theex-. MNCI 2H20 M CI4 1OH2 2 3 70 C)
cited states than they would be In the ground state; in N 2 2 N 1
the case of, an io" which has an impurity in a crystal, MNCI 2 ' 4,H20 MNC12t0} 2)4  Cl -6, NOT BRIDGED
are we observing localized modes or arc they lattice
modes? MN"2"4H2 MNBr2(OH2)4 CI NOT BRIDGED

The spin couplings are of great Interes . expecially 
MNO MN06  otl 3 13 (124 4 43 (6)

that of an optically excited ion to a neigh) ir paramag- 1"NS MNS6  O, 3 68 12). 5.21 (6)
netic ion in its ground state, or betweer lons of two ZNS:MN MN'4 Td 384 (12)
different electronic states.

ZNS:M 1N4 Cv 3,811 16). 3.815(•6)
I have been especially interested in the e.fects of the N N N 4 3,

co-valency or delocalization of electrons on the inter- KMNF3 MNF6 Oi 4 IS (6)
electronic repulsions. KZNF 3 :MN MNF6  Oil 4 05 16)

Lastly, there are questions, as mentioned, concern- CdF 2:MN MNF8 Oh 3 81112)
Ing the energy transfer to other ions. f 3hqlCO3 MN0,i6 _3, 3 76 65)

Can we see slide number one, which is a lHst of corn- MNSF 6,61420 MN(OH216 C3, -- ,NOT BRIDGED
pounds we have been considering, and I should say ( ) C 6H N BRIDGED
here weihavenotbeendoingexperimentconallof these. MN 462O MN 26 3 NOT BRIDGED
'These are the compounds we have been considering in MNS04'4H20 MNlOH2)4O2 C1 NOT BRIDGED
our analysis. TMhre are about eight of these or so that N' '

we have been doingexperiments on ourselvws in the last That will be all for that slide, please.



In examining all of this data, onu -f the most interest- DR. ROBERT C. OHLMAN: Are these at room tem-
ing conclusions or observation hat has come out of perature or below the N6el temperature in cases you
this is that the integrated inten...ies, thatis the oscil- are describing?
iator strengths, can be roughly divided into two groups.
"Tiere are compounds where you have manganese DR. LOHR: A very good point; it really doesn't mat-
neighbors. In such situations you get oscillator ter. This is what I was getting to next- Is that al-
strengths of the order 10-7, say, up to 10--6 or possi- though the band shapes of these compounds are very
bly up to 10-5. Now, these refer to the pure, simple sensitive to temperature in some cases, not all, in
binary compounds. Several examples are shown in integrated intensities (the area) is remarkably Insen-
Slide No. 2. It also refers to the casei where you sitive to lemperature. It doesn't matter whether you
have impurity ions in large enough concentration so are abuve or below the NMel temperature. This is
that you haxe pairs or larger clusters, for example very surprising. If these things are ascribed to bz
manganese in ZnS and KZnF3. vibronic, one would anticipate a temperature depend-

ence which goes something like the hyperbolic co-
tangent of one over the other.MNS

4 2-K t ...... .... Tis is observed in divalent cobalt and divalent nickel
A 0, AL spectra in some cases, but here we don't see it even

in the centro-symmetric systems. To the accuracy
."5 0 TRAW"• rýO 'N ,:0&,• you can measure the oscillator strength in KMnF3 or-1.-... • , ,~,, in MnCO3 there does not seem to be any temperature

4 . . dependence of the areas, which is a puzzling point.

NM2  MFREE ION, We have made some progress recently in trying to

"3u20 -'7N B . s 
4G interpret the polarizations of these; all our spectra, by

LN 2 -M• C 1 2 26,800 .LI the way, are essentially single crystal spectra. For
4 2-K those few compounds that are non centro-symmetric,

0 1we perform simple semi-emperical extended-HUckel

500 OO 13500 14 5 molecular orbital calculations, from which one can
generate one electron energizes and approximate one

ENERGY icm electron wave functions. These can be combined in
such a way to produce five electron statesand one can
get the five electron, total oscillator strangths.

On the other hand, the other group have oscillator
strengths that are, say, roughly one-hundredth of that. 71his, of ccurse, is not applicable in case of the centro-
"These include isolated manganese ions in, say, a symmetric systems.

,nearly centro-symmetri or even exactly centro-
symmetric complex. Thi, includes all of the higher O- Only one compound to my knowledge as been shown to
hydrates, such as tetra or hexahydrates, where even be definitely magnetic dipole in som, of its character-
though they are pure compounds you have essentially istics. It is manganese hexafluorosilicatelexahydrate.
discreet complexes, so there is a large distance. If the oscillator strength is greater than 10-9 you can
There is no simple bridging. It includes that group just about rule out that mechanism, for diluting sys-
•nd then, also, of course, the situation where you tems anyway.
have an Impurity Ion of a very low concentration.

PROF. SCIIAWLOW: You say the oscillator strength
It is observed in these concentration studies, of greather than 10-9 rules out magnetic dipole. Does
course, that these intensities do not obey Beer's law the polarization also confirm that?
quite strictly; they do not by one or two orders of
magnitude departure. DR. LOHR: Yes, this is it essentially. This is how

one knows you are looking at an electric (or magnletic)

We don't know asyet justwhat thisintensity mechanism dipole aside from the question of intensity. In fact,

is ie this concentrated case, except It must involve the polarization argument is, of course, really the

some sort of cooperative mechanism. conclusive one and the other is sort of confirming, but
not quite as reliable. But I think it is.

In the dilute cases it is more or less understood that One other thing I would like to briefly mention is the
there are only three possibilities, all of which involve work we have done in connection with the analysis of
the spin orbit coupling, since these are all spin- all the spectra in terms of tile energies and wave func-
forbidden transitions. The first possibility is that the tions obtained from using a slightly different formalism
transition is magnetic dipole; these are intrinsicly than the traditional ones. One usually think.- in terms
weak. of the Orgel matrix or Vie Tanabe-Sugano matrix, in

whl,lh the energies of all states are represented by

Tile second is that it Is electri dipole, by the small three parameters; in terms of cubic crystal field 1ODq

odd discortion that you have in some. of these comple- (or delta) and in terms of Racahparaineters of Slater-

tions, like the chloride tetrahydrate, and the third Condon parameters (F2 and F4 or B & C), whichever

being they are made aliowed by a coupling with an odd you nrefer.

vibration in the centro-symmetric ones.
We have found it convenient to recase all of these e.

All of these mechanisms, since they all involve spin pressions in a slightly different formalism, In which
orbit coupling, can only give rise to oscillating instead of taking B and C (or F2 and F4 as adjustable
strengths, of the order of something like 10-7 cr 10-9. parameters for the complex ion, which does not lend
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itself very w( II to interpretation, because in the free levels, not only In manganese, but also trivalent chro-
ion they are essentially a measure of tile shape of the miunm and many other systems. Sometime you have
radial function. When you no longer have a spherical two spectra. terms whicl. accidentally have the same
system it is not easy to interpret these parameters, energy if you a.rume the electron repulsions to have
although you caan fit them fairly well; we have found it the free io,: form. These degeneracies are automat-
convenient to'do something like 1110 following: ically lifted here.

I will not go into any great detail on this, but just sort An even bigger advantage is this extends itself very
of outline the kind of thing:onenmeans. Say if you have nicely to consideration of low symmetry. For those
a given electric repulsion integral, this would be a transitions which don't depend upon crystal fields,
Coulomb integral, that is they don't depend upon differences in orbital

energies, the transitions are essentially atomic in that
d ,, d r2 they depend upon rearrangement of electrons, and the

g12 energy is. just that for going to an unfavorable electronrepulsion situation.

involving just one il., .ital now, we can write it sym-
bolically as @2 ,d; J, just the classical repulsion of We can do several things as far as the values of these

(fd), either use them in a fitting scheme or we just use
this carge distribution d2 with another electron inthem arbitrarily or also we have had some success
the same charge distribution; tills integral has a value them a ror so we havehad ome ccesin terms of the Ra'cah parameters of A + 4B + 3C. I ta•king these from some molecular orbital calculations

of the type I mentioned previously in connect',n w;th
will put subscript zeros in here, A0 + 4B 0 + 3C0, in- oscillating strengths. It means - riting out a list of
dicaling this a free ion. Normally, for a complexone
wpuld just take a B and C as readjustable parameters;
ia oilher words, T am just taking new values of these. Another thing that has been applied to, as a sideline in

Well, we hlave taken the scheme that you go back and checking this out, is the Lase of some Stark effects on

think of this d now as having not been a pure d; it is optical lines, in which the interpretation is that the

sonmewhat deocalized, it 11a5 some mixing of ligands, electronic field (the particular case was ruby) is

in other words, it is represnsingom general wave lond- changing the molecular orbital slightly due toelectro-
in other worsich is smeroefientof this d orbital plus striction. If the transition in question is crystal field
tion c, which is some coefliiient independent, it depends only on the electron repulsions,
tile coefficient of ile ligand; so what you are actually doing by clanging tie wave

C ÷functions, is that you are modifying the electronic re-,ji Cdlkd
pulsion integrals and that is essentially the pseudo.
Stark effect one observes le ruby.

to a very goodapproximation this integral (when you There are a nu•m)Lv-r ooth.er ispec f our wio Which
- y really ian here-. you want the i1tegral I won't have time to go into. One is some of the anal-r•P•Y2 anI,•2u to Id, d•,) is -equal just to the oneL anaelaterm to2, d2mul2fpieq js to the one yses of some of tile fine structure, that is soem: of the
fceiint ton us d , L mult(iplied by thie square of the second-order spin orbit splittings you see in excited
wrction of d Is defined in tcord mitheMulare orbiaslC , states, splittings of the order of five to ten wave num-
where fd Is defined in ne;cord with Mulliken as Cd2, hers. We have been able to calculate these In case of
(this integral must be fourthpower in the coefflclent as a cubic site and a quartet E state which Issecond-order
the orbitalappearg four times)plus half of the overlap split, and we believe this has been observed for man-
term between the d orbital and the ligand orbital. ganese il Zinc sulfide. We hope to extend this to low

2 symmetry to account for some of our recent experi-
I C t C C S mental splittings of this type in low symmetryd d d T di compounds.

Such a scheme effectively t• including more than the Tile vibrational analysis is making some progress, but
onecenter term; it iS-including tile one center Coulomb, we have a long way to go there. Well, we hope to have
plus two centerexchange integrals, but it does neglect more to say about that. We do think that there is evi-
two center Coulomb integrals, which are large, but dence from experiments andalso from our calcreations
one can show that providing you are looking at transi- that the excited states of divalent manganese, and there
lions wihich are crystal field independent that these are are quite a number of these, are more or less unstable
largely cancelled out. with respect to various distortions and in some states

unstable with respect to many distortions, not just a
Now, we have set up many of our fitting schemes in totally sulnmetric one. This is tile reason you may
terms of these, in which these factors (fd), in general just get a broad band instead of a lot of discrete lines;
one for each of the five d orbitals, will be your adjust- in other words, tile bandyou see, even at low temper-
able parameters for fitting, multiplied by the atomlic ature, shows no structure, it Is just a superposition of
expressions using atomic numerica'l values for B0 and many vibrational progreso;ions.
Co. Additional parameters are the orbital energies, Other states, even the crystal field independent transi-
or mnerelv 1ODg for cubic complexes. tions, are occasionally broader than you would antici-

Ntile a sof tsscheme are several. I pate. However, the fact that a transition is independ-
Now, meadvantages othils eme ae sever . ent of !ODq does not mean that the transitionenergyis

lusi e'ntionl tills is not completely ,lew; It is al ex- independent of a totally symmetric distortion. These
tension of sonic Ideas that were used sonie years ago are not quite tie same thing, when you cOnslder the
by Kold' and Pryce In analysis of manganese spectra. elnergies in terms of a. scheme such as this (variable
Their schieme Is a special case of this. electron-repulsions), and there Is some experimental

On tihling that it gives directly is the splitting of some evidence that this is the case in some of the higher
,f thearcldentally degenerate, crystal-field independent states of manganese carbonate.
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DR. Ci-,ARLES NAIMAN: We have been studying bases and another one bc~ween them standing on its
some .hrlar pair effects for a while and have found ape::. Each chromium resides along the trigonal axis
parallel results which may shed light on what ýmas between the central triangle and at, outer one. If you
been p,.esented here. follow this model and maintai'i trigonal symmetry at

lease for the ground state, then you tind what your
In these cases we have been looking mostly at chro- ground state has to be by just coupling their orbital
'iIum, heavily doped ruby In particular. There at'e angular momenta.

nds in the near UV, which display some of thesame
p.operties that you have just heard about manganese The lowest of such excited states should c-.'r,.pord
systems, to a d 2 ion in its ground state and a d4 ioi- in -t,,

ground state. Take these states and now c;'.tpie thzin
We believe that we have at leasit one ijmsibie explana- together and you will find that in total yon ca get, in
tion of tho experimental observation (similar to what a trigonal field, four states, of which two will aipear
McClure mntioned earlier) that when you have pair in one polarization and two in the other. This is the
effects you can get violatiLns of symmetry that lead main absorption characteristic found.
to anl enhanced intensity.

Interestingly, we found at least one other chromium
Another important expozi-ental fact is the tempera- complex which is very similar to this, where ve can
ture dependence which is quite critical. I think there also explain some pair spectra that occor In the same
are some people in tl-s acdience that are better aware region.
of this than i, but let re just mention what we have
observed briefly. That is a rather exotic Least which look,, like the fol.-

!owing: You've got a chro-nium ion, with an oxygen
If you take a look at heavily doped rul we find on bridging the two chromiums and then surra inc 'ag
the tail of the blue bands four relatively sharp bands; each Cr at the other five coordinating positions we
two in one polarization and two in the other. These have an ammonia. Here we hve in tetragonal sym-
absorptions appear to go fis the square of the concen- metry the parallel of what we had in the trigonal sym-
tration. Furthermore, if you study the temperature metry of ruby. Schaeffcr very interestingly found
dependence of these same bands, you find the same that this complex also k~as four b. nds in thi, near UV
interesting question which came up earimer, region. Here again these intensities are also high

for three of them, (they at,) almost as strorg "s the
For example, you might look for a coth 2kT depend- blue and gr-een band), while one of them, is L"
ence for the absorption intensity. You don't find this.
In other words, it doesn't seem to be made by vibra- Now, you can postulate the same transition nlt -ha-
tions even through tiere is a lot of vibrational struc- nism. Again go to your d 2 -d 4 grounct states, couple
ture on top of these bands. their orbital angular moam'nta together, and again

you end up with four bands. Now ycu have tetragonal
Im ther ~in -oia-itugt lok.-olnntn 1,111 3- nnA in Mar un,, onn,m ana In mrthp-xU1111l5•"Illll. yUVU"LII :•lpn LlUfl• IUL,, 10-tnt llJC; Ukrlt 111. . •-. . ... . ........ . . . . .o. . .A

teraction Professor Srhawlow and others have found You can assume, to the irst approximation, that the
for the pair lines, such as the N lines near the R pair splittings will just be due to the single ion split-
lines. Here one has ferromagnetically or anti- tings in tetragonal symmetry, If one uses tile and
ferromagnetically coupled pairs. If that is the case 2 formalism of McClure for the ,g and t2g tetragonal
then you have some energy level system wh; Ih either splitting and just add the single ion energies you can
starts with total S equal to zero antiferromagnetic then compare these with the experimental data. Be-
coupling or if you take the two spin 3/2 coupled ferro- cause there are two unknowns (a & 13) there is still
magnetically you will end up with a total spin of three, some ambiguity which however can be resolved be-
Either way one ends with a Lande interval rule and cause, using D4h symmetry one of the transitions
then you will also get an exponential dependence for will be electric dipole forbidden. This is the one
the absorption intensity reflecting the population of which we assign to the weak absorption, We get self
these states and the selection rules that go with them. consistent results with the tetragonal splitting of
These bands again don't show this type of dependence. transition metal ions in porphysics.
The latter occupied our first thoughts because there
are known to be some doublet energy levels that are Now, the same mechanism, appea:s to be applicable
spin forbidden from the ground state in this region, to a lot of other systems.
They tnen might have been made allowed by this mag-
netic pair spin coupling. For example, you can ask yourself the following

question in ruby. If I have gone ahead and produced
We think there is another possible explanation, that an excited d2 -d 4 state where the d 2 and d 4 ions end
runs something like the following: up in their single ion ground state what will that elec-

trol configuration look like? This will be d2 (t7g)

What happens is that you probably have in the ground - d4 (t32 In addition to producing this excited

state a d 3 -d 3 pair complex, but the excited state is 29eg).

a d2 
- d0 state with proper symmetry normalization, state I can also produce that one which corresponds

In other words, here we have somehow produced a to d2(t~g) -d (t~g). In fact in the single ion approxi-
double "charge transfer" or toxidation-reduction" mation the difference between these two is approxi-
transition. mately the value of 1ODg for the d4 system. For

example, Mn+ 3 inA120 3 . In other word-,r there
Fur example, you think of this whole complex as two should be a pair absorption band at a frequency
chromiunms embedded in nine oxygens, where you higher than the pair bands which are at a0, 000 cm"'
have two outside triangles of oxygens sitting on their by about 17,000 cm-1.
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I understand from Nelson at Bell Labs they have seen The other thing I would like to pclnt out is that I think
such pair effects in the 48, 000 cm- 1 region and so it Balhausen has also seen some unusual intensity effects
seems to be quite a general mechanism. Copper ace- in nickel systems. He has ascribed them to excitons,
tates, which are the first pair effect complexes, have in the dN-.-dN system. This appeared in agovernment
also shown such transitions that appear in the near report around a year and a half or twoyears ago, pro-
UV, so we think this may be a verygeneralmechanism. viding another possible mechanism to be explored.
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DR. HOLLOWAY: I would like to sumnmarize that per- probability for quenching interaction. From the res-
hon of our work which involves transfer of energy in onance transfer of energy theory, the radial d&pend-
solids and is pertinent to the present discussion. ences which one expects for various types of interaction

are well !,nown and are listed on this slide.
This work has been discussed in some detail in the
technical summary reports, with which I am sure you In the data which I will show either Plnt or rilt isare all familiar. ntedt hc ilshwete ito rti

e agiven as a function of concentratiou. Since the con-

We have studied the transfer of energy between active centration is proportional to the inverse cube of the

ions by the examination of the fluorescence properties. radius, this is equivalent to plotting the radial

The experiments may be divided into two major sub- dependence.

headings, the effect of the interactions between rare-
earth ions on the rare-earth ion fluorescence and the The next slile shows the typical data for Tobs as a
studies of the fluorescences in concentrated manga- function of concentration. The experiment can be
nese systems. viewed as a dilution of crystals of Tbl5 H0 1 5 C13 . 6H 2 0

with C1 C1 3 • 6H 2 0. Only the holmium ions effect the
Since the rare-earth ion work is most pertinent to tk.:s terbium l'uorescence. This slide shows a typical
section and ir also the best understood, these studies curve. The TFI may be obtained by extrapolation of
wIll be emphasized. There are two types of studies the data to the point where no interactions are present
which have been dor.e involving the rare-earth ion, , due to holnium ions so that rFlz -robs.
the quenching or the deterioration of the 'fluorescence
of an active ion by a second ion and the transfer of
excitation energy from one fluorescent ion to a. second
ion.

These results cre consistent with the resonance trans- oM
fer of energy theory. That is, a virtual photon may -
be exchanged between ions with appropriate ener!y

levels. In the partieular examples which we have
studied, this means there is an overlap of the fluo-
rescence lines of the excited ion and the absorption -,

lines in the second or quenching ion. 200o

For our first example we have studied the radial de- M " '
pendence of the quenching Interawtdi, of ',ý tri--valent 0 ,
holmium ion on the tri-valent ierbium on ik.. -"e
in rare-earth trichloride hexahydrates. Experiment- 202 2 1 2

ally, our technique has been to flash-excite the terbium c (IN Gd •_2C Tb, oc 3 62 0)
inn, f.1ii, filnoli -nndpthon.rnnn it. dnonu n. n

tion of the concentration of the homium ions. MayI
have the first slide which i.dicates the procedtre used In the next slide, we show this data reduced in the
in these experiments. manner described in Slide 1. The probability for a

quenching interaction is shown as a function of C2 .
The brackets indicate our errors. Inz-eed, we see
that the probability for quenching interaction is

___ + iroughly proportional to r - or C2, which we believe
"obs "1FI Inmt indicates a dipole-dipole interaction between the

terbium and the holmium ions.

I) t T I't

1 2
- (d iupl e-qudipol e)

225 //g
S 005-

(quadrtpo I I- (,ltadrupol) M

The quantity which we observe experimentally is hbs :2 -

The robs Is composed of (1) an intrinsic fluorescence
lifetime "rFl, which is determined by the temperature O20

and crystal site symmnetry and is just the lifetime with- 7 o 00 _2 _ -
out Ionic interactions and (2) an artificial lifetime Tint, %6o, oi01 0,2 0o 0 01, 02 05

which is determined by these Ionic intoractlons. This Ce (a'/?6

artificial lifetime Is Inversely proportionul to the (C IN Gd. ?C ll? Ho.C; 3 GH Ol
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The other fact that is important in the resonance this dependence changes and becomes linear in concen-
transfer of energy theory is that there be an overlap tration. We believe that this is due to t..e filling of the
of the fluorescence bands of 'he excited ions with the nearest neighbor sites. In this case yotu have theenergy
absorption bands of the quenching ions. drained off; the physical analogy would be parallel re-

In the next slide we show explicitly the terbium fluo- sistors on a capacitor; and you'd expect it to be linear

rescence lines and their designations and the holmium with concentration.

absorption lines and, demonstrate explicitly the over- PROF. SCHAWLLMW: At what concentration does that
lap in this case. happen? These are the concentration of percent squared?

DR. 'HOLLOWAY: Ye.q, inverse. There should be a
minus two here (i. e. in this slide), This data, by the
way, is from Peterson and Bridenbaugh, AppliedF - Physics Letters, 4 173(1964).

,_ .Now, I would just like to digress briefly and report
some work we have done on solutions. Because sol-

"* f tions are so easy to make I usually do my preliminary
- ,work on them.

DR. NATHAN T. MELAMED: Are you looking ,'t the
- • . "neodymium fluorescec~es all the while?

DR. HOLLOWAY: '.his is the lifetime of the neo-

S•. .] Ldymium fluorescen.-es (i. e. on slide 5).

- - . L DR. MELAMED: Shouldn't it reach a stable lifetime
-'at some point where there are no interac:ions?

Shouldn't the lifetime reach a constant value?
DR. .,OLLOWAY: Yes, true. That is why on my

From thiliterature one can also findlifetime datafor original data the curvefld. over, it is just aquestion--
Tobs, as a function of concentration. The one case in DR. MELAMED: You just didn't show it on the second
the literature which we reduced by the method de- curve.
scribed above was performed for concentration
quenching of the neodymilum ion in sodium gadolinium DR. HOLLOWAY: I didn't show their original data

bungstate. just the reduced data.

DR. ROBERT C. OHLMAN: Does the holmium fluo-'
May -Jmve the next slide. rescence inzrerse?

DR. HOLLOWAV: There is no holmium fluorescence
o060 in this particular system.

o .... . OHLMAN: The terbium-holmium--
_400 -

'M "DR. HOLLOWAY: That is right It just turns out in
-00I these crystals there is no fluorescence observed.

o 00- In the next slide, the radial dependence of the quenching
60 - o( thle -rb fluorescence by holmium ions in agneous
4Q40 chloride solutions, or rquen, is plotted versus the in-

o verse concentration squared. We see the data 1.s much
more consistent, aa indication that It is a lot easier

C io0 experimentally to do these studies in solutions.

10,000r Tb-Ho
I 2 5 10 20 50 100200 500O000

-a 5,000 /
V) 2,000

DR. FRED McCLUNG.L HUGHES: Do you want to look 0z
at the overlap of terbium absorption with holmium oooo
fluorescences instead of terbium fluorescence and hol- ,,,
mium absorptions? s 5oo

DR. HOLLOWAY: No. The energy goes from terbium to
holmium. 200o

This is lifetime data, plotted versus C 2 and thegraph Z 0 .oo-.
is just inverted from those previously shown. Instead p.. +-
of the probability for quenching interaction, I have 1* 500 obr Tb rmnt
plotted rlnt+'vl/Plnt, which on this slide Icall rquen .. 4
We are measuring the lifetime of the neodymium ion to
as quenchedoy other neodymium ions. For cases
where there are small concentrations of the neodymium . 0 ' 2 500
iuns, again it follows, C-2 dependence, and indicates -5 10 20 30 50 100 200 500

a dipole-dipole Interaction. For higher concentrations C2

i1



In these experiments I have been obtaining al estimate ratio that I have on thu far side here is the ratio of
of the probability for quenching interaction from the the probability for quenching interaction as determined
lifetime measurements, from the lifetime measurements divided by the quanl-

Now, the actual amount of overlap of tAhe fit .rescent tity, the probability for quenching interaction is de-
lines of the terbium ion and the absorptio, lines of termined from the overlap integrals. The reason
the holmiue lors or some other in n wi l also -letermine that I haven't given a value for neodymium is because

Ste hlium i. or smhe probability for queichng inter- the agreement is very bad. However, this is almost
action. So I have performed the integration u.i raw data, and there are several corrections which I
overlap numericallyv haven't used. This method appears promising and

we are working on this same sort of thing in solids.

The next slide shows the fluorescence of the terbium, PROF. McCLURE: What kind of quenching do you
and the absorption spectra of several rare ions. The think this cLU, radiative capture?

V- DR. HOLLOWAY: No, non-radiative. You can tell

72 1this by looking at the photographic plates. If it were
72 p,3+,a ii Pradiative capturp, you would see one line missing.

This concludes what I wanted to say on the quenching
experiments. Now I will talk about the energy ex-

/ change between rare ions.

(1 60 Our original experiments were done on the terbium-
____,_,_,__europium ions' energy exchange. Again this seems

just anrhler manifestation of this resonance transfer
1 of energy and, from our previous experience, requires• an overlap of thel luorescence lines with the absorption

1 6 Sn,3+(10-1) Sm lines.

May I have the next slide.

z On the top two lines are the optical characteristics of
g oterbium. Here is the absorption line. These are

fluorescence lines. These are taken from densitom-
,-.., 01) eter tracings of photographic plates. The fluorescence

is over-exposed and therefore appears broader thanS" -•• : •it is in fact.

I 1 .. rI wanted to demonstrate here, that there is an overlap
between the absorption lines of europium and terbium

, ..... . .f1r•seence lines. The bottom line of the slide has.
the same data for .he europium ion. The mixed crys-
tals contain both europium and terbium and are irra-

St (riFl,*' diated with monochromatic light. One sees the
scattered radiation in a region where there are no

Tb absorption levels of europium. The absorption takes
Il• ,place into an absorption level of terbium, but we see

"fluorescence characteristics of europium fluorescenceSand not of terbium fluorescence. This is the

~40 50b0 4 -'ct £S

d '

WWUNW 1)041 ~ W 6150
WAVI2I NC,,H
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demonstration of energy transfer by selective absorp- We have observed as shown on the next slide dramatic
tion in one ion and observing the fluorescences in changes in the manganese fluorescence intensity v ith
the second ion. temperature. In fact, we are able to distinguish be-

tween two regions. There is one very abrupt region,

Now in the next slide I show energy transfer among a corresponding to roughly one-half the Nel tempera-

group of ions that have been studied. These four ions ture and the .maller regio at roughly Mel tempera-

have visible fluorescences in this sodium rare-earth ture in Mn F2 .
tungstate.

losoo

NsLn.s WO Ln trivalent rare earth

Expected Transfers ,

Dy -Tb -Sn- Eli-

Observed Qu estionable 0..

Ty - Ti Dy -

NotL Observed

Tb - Et-
So - EyEu

We assumed that the transfer would proceed in the
following manner. The transfer was expected to pto- There Is also a small change in RbMAF 3 at roughly
ceed from a higher excited (i. e. fluorescent) level to the N6el temperature. Again at roughly half the NMiel
the lower excited (and excited) level of second ion, temperature a large and abrupt change occurs in
Therefore the transfer was expected to proceed Rb Mn F3.
Dy3~-~Tb3 +_Sm~- -Eu3 t. The next slide, please. Associated with these changes

in intensities are changes in color, which are demon-
We have actually observ-d by the method of selective strated by this slide. We show here the peak. value of
excitation, the energy transfers listed on the slide, the filuorescence as a function of temperature. You
The ohe which I have marked questionable alnost cor- . .- can, actdually see fibiii color change and it is quite dra-
talffily involves a transfer of dysposiun, to samarium. matic. It goes from a red in the high temperature
But in method of selective excitation it appears that region to anorange color in the low temperature region.
the energy goes back to the dysposium ion from the It is quite abrupt. with temperature.
samarium ions. There is a ladder effect to get eid of
the excitation energy. The one case where we do not
observe energy transfer is the case of Dy 3 + - Eu 3 +.
And again this data is consistent with this resonance
for transfer of energy idea.

DR. OHLMAN: flow do you determine the ladder effect
and separate that out from no transfer at all?

I

DR. HOLLOWAY: That is why I've marked itquestion- 4. ._._._.
able. I don't know yet that this is true. But I intend
to establish this mechanism by just increasing the
concentrations and examining the lifetimes of the in-
dividual Ions. It should show up there, but it Is still ....
questionable on this chart.

That Is all I would like to say about work on the rare
ion fluorescence and the inter*ctions. Again, the 7..

energy transfer and the quenchings both seem to be
manifestatlons of this resonance of transfer of energy
and all the cases which we have studied, this seems
like a consistent mechanism, We attribute the changes near the NMel temperature

to the magnetic opening. The much more rapid and
Next I shall comment briefly on the fluorescences in dramatic changes at lower temperature, we attribute
concentrated manganese systems. This ion is an ex- to an ordering of the excited state of the manganese
ample of transition metal ion which is strongly sell- Ion. When the manganese ion is excited, the exdted
quenched at high concentrations at room temperature st~de will have a weakter Interaction with surrounding
And also It has appreciable Stokes shift. ground state manganese ions than the manganese
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ground state-manganev.e ground state Interaction. We you take a look inabout •. -gionwhere your relation-
believe therefore that the ordering takes place at a ships occur, especially if you take into account the
lower temperature and is the ordering of excited man- Stokes shift in the excited state and any changes in
ganese ion. size, then you will find there is another doublet state

which evidently becomes the ground state, which isWe have some other evidence that this might be the not too far away, andIwas wonderingif you considered
case. But this is far afield from the topic I am dis- the crystal field effects when you are quite close to
cussing here. these and they will be affected by spin-over interac-
In summary, as far as the rare earth ions are con- tions and vibrations on top of that, especially some of
cerned, we have evidence and all of our results are your depopulation in terms of thermal effect seem to
consistent with the resonance for transfer of energy. be perhaps due to the fact that these will interact and
For the manganese systems the situation is much more you will get many levels involved here and then by
complicated. We believe that the larger changes occur small changes in size you can end up with localized
because of the coupling to the Stokes shift of the man- minimums which are not too different from the minima
ganese .fl!crescerre,, that this Stokes shift serves as you postulated with your magnetic interaction. And I
an amplification of these other effects, i.e. the ex- just don't know if you have ever considered some of
cited state ordering of the manganese ion. these effects. These are crystal field effects.

Any questions? DR HOLLOWAY: Yes, we haven't considered effects

DR. B. DiBARTOLO: You found the intensity consist- such as those mentioned by Dr. Naiman. One thing
ently proportional to the fluorescent lifetime? would bother ae about this explanation. We see theseeffects in , the alkali manganese trichlorides and
DR. HOLLOWAY: Yes. May we go back to the pre- all the alkali manganese trichlorides, except for the
vious slide. Li members of these series, it would be too much to

Keep this slide in mind and put this next slide in the expect that this would always happen.
projector. This is the intensity and then the lifetime DR. NAIMAN: I think the major question that comes
you find here. up is there may be a magnetic interaction between

these two states.

DR. HOLLOWAY: There isanother thing Ididn't wantto discuss here. I have a slide for it however.

0.300 K NW,

13,100-

I 4. 13.000-
12

.
9 0 0

-
;" L • i• . .12.600-

' Pl 12,600- TN(KNF3

2.5°00
i -- L-a-.Z--L-U---• L-L-t L--L_ 2,400

r•'K: 
12,1300
12.200

Now, i21t0O

Now, if you hold these two slides so they overlap,

taere is a direct superposition, of the lifetime and 2 ,9o00

the intensityin the regions of change. We seem lobe 2, I.
2 12.700-

seeing a very rapid temperature quenching of this ex- I 12,•0o -.
cited state in this region. 12,500o

DR. DiBARTOLO: I have another comment to make. z.soo
I think Professor Shawlow has seen changes of the line ,2.oo r
shape of the europium fluorescent as a function of the 12,90o - KM..,F,concentration of an additional neodymium. 2800o ••

PROF. SCHAWLOW: I can discuss that later. 12700n2,600

DR. CHARLES NAIMAN: I think perhaps I would like 12,500
to add somethinig on this last topic. I don't know if it 12,oo

2,300- T,* Mn F3) Tý,iKNF3is outside of the topic of the conference. I think it 2,200 ,
may be partly acrystal field effect that is going on and
this is, if you take a look at the orbital diagrams for 2,600, RbM0n.NF,

manganese systems, there is a very interesting ex- 1Z._oo
cited state relationship not too far from the region of 12,No,.
fluorescence that occurs here. 2,200

For those of you who are familiar with this, you take too-

i look at the ground state, which Is a 6A0 and your 0,000 ... ...........

level which is supposedly givingyour your fluorescence, 0 40 20 16o 200 240 280

v,,ur broad fluorescence I think this is a 
4
Tlstate, if TEWERATURE (-K)
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It is a little complicatod, but there are known temper- DR. LOHR: I have considered spin orbit effects from
ature dependent shifts in this nickel absorption lines doublets to certain quartets, but I think in the case of
that are apparently related to the magnetic orderipr, manganese fluoride since 10Dq is less than 10,000
e.g. in potassium nickel fluoride and nickel fluoride, wave numbers, there would be no doublets in this
We have put nickel ions in a manganese host and we region.
see a change in the nickel absorption which seems to
take place between the Noel temperatures of the Di. NAIMAN: Just revei se this system. In other
manganese host and the pure nickel c'ompound. We words, don't talk about necssaeily energy going from
think we are seeing some sort ot ordering related to this state to this, you can have it going from this state
the effects seen in the Mn 2+ iobr fluorescence. The to this in steps. I don't know, I mean this isý ,'t the
nickel ion and the surrounding manganese ions for a general phenomenon logically, the topology of the sur-
local ordered cluster, The ordering occurs above the faces that have been published on some of these local
host ordering temperature because of the stronger minima as a function of magnetic ordering I think
Ni-Mn interaction compared to the Mn-Mn interaction. could easily be invoked in the same sort of arguments
Further, we think we can measure the nickel- associated with distortions of the lattice with spin
manganese exchangc constant. orbiting Interaction. I don't know. I am just wonder-

ing whether this has ever" been considered. I might
DR. NAIMAN: One thing I think would help determine say we have not donie any exhaustive studies of this at
"this is, first of all, there is some question, I think, all.
where the exchange effect is strongest, be ause there
is some question as t(. whether it is expanded in the DR. FRED W. QUELLE: I would like to case out
excited state or contracted, which is definitely some- some information on a laser that has operated on
thing that is not decided yet. energy transfer. This Is the erbium laser that

PROF. McCLURE: Or just distorted or both, in other American Optical has recently operated. I think it

words? is particularly interesting, because you have such
very large energy transfer efficiencies. They are

DR. NAIMAN: Right. And so you may not be able to using ytterbium as the absorbing material, there is
define some sort of mean exchange integral. But the about fifteen weight percent of ytterbium present in
other thing Is if you pump very hand on your system the glass and only a quarter of a percent of erbium,
and get a large population in your excited state, you but yet they are getting about a hundred percent of
might see effects of excited pairs which would be - the energy absorbed in theytterbium fluorescingdown
which would change. I mean if you are getting such in the erbium.
a dramatic effect with one of them surrounded by
ground state ions, if you pump still higher and you get Probably from the point of view of this conference the
enough excited ones you should see still further dra- most interesting thing is the fact you get such a large
inatic changes. fraction of the energy transferred.

DR. LOHR: I would like to address a question to Dr. PROF. McCLURE: Did you say ytterbium?
Naiman. I think that doublet T2 you mentioned is a
little bit low down in the diagramn. Did you find It inDthis region by numerical calculation? DR. QUELLE: Ytterbium, very definitely, not

te-bium. Although ytterbium has only 1 band the

DR. NAIMAN: No. I might say we have not done any heavy doping has spread that band over hundreds of

calculation on this system. We have just noticed it is AngEtroms and you are absorbing and transferring in

there and it might possibly interact. the same ban.

DR. LOHR: I see. Our fitting scheme includes all the PROF. McCLURE: 'Ihis is the band In the Infrared
spin doublets in manganese, as well as the quartets; or --
as I recall It, where we have ligands like oxygen or
fluorine - DR. QUELLE: The transfer occurs around 1.06

DR. NAIMAN: If you are to thle left -- microns or 1. 03 microns, but the band Is so broad
that you are absorbing all the way from about I think

DR. LOHR: No, the lowest doublet is a doublet T2, it is six or seven t, ousand Angstroms on down. This
as you say, it comes somewhere between 20,000 wave is due, of course, to the fifteen weight percent
numbers to 27, 000 perhaps. It should not be down con.-ntration.
around 17, 000 wave numbers in MnF 2 .

DR, BEHRINGER: If there are no more comments on
DR. NAIMAN: Have you considered spin orbit effects that, mayte we ought to stop for a coffee oreak.
Lxetween the doublets and quarto's and other distortion?
I mean they may be quite -- (Short recess)
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DR. BEHRINGER: Before we go on to the crystal
field effects Professor Schawlow will comment on L
energy exchange. 2

0o 9 2 5----
PROF. ARTHUR SCHAWLOW: I want to say a few 20

words about some work Which isbeingdone atStanford
by Dr. W. M. Yen, R. L. Greene and W. C. Scott.

The system shown in the first slide involves rare
earth ions in lanthanum fluoride. The samples of
lanthanum fluoride come from the Varian Company.
We have acase ofanenergy transfer not in the upper
state but rather in the lower state of a fluorescent
transition. It does not quench the fluorescence or 15
affect the litetime as far as we know, but instead it
affects the line width. The system which we observe
is the praseodymium ion which is present ko a frac-
tion of a percent, about 0. 1%. Neodymium ions are
also present in controlled fractions up to about two 0
percent. Now, there is an approximate resonancet
between the triplet H6 lower level of the praseody- Ig I
mium transition and the 4I13/2 in neodymium.

However, the neodymium level lies about 100 wave
niumbers below the praseodymium level. They are 5
not really in resonance. The praseodymium level is
sharp, and the transition from the single level up r .4.222 6.41i3/2

above, the 3 PO, has been shown by earlier studies to
be very sharp, about a quarter of a wave number at
liquid helium, _nd to have a gaussian shape.

So we start then with a level that is sharp at low con-
centrations and as more neodymium is added the line
assumes apeculiar shape, which is shown in the .ext 4 9/H
slide. 0'1

Pr3 + Nd3+

5985 A LINE (Pr3+
E 4.20 K

0.0

+

E

if)

U')

0 1.0
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It has still a center which may be gaussian but It de- you got more than one near neighbor site occupied
velops wings which seem to have a more Lorentztan you would get the leveling off.
shape. There is also some fine structure indicated
by the bumps marked. It would seem to me that you probably cannot in this

case assume that there is an average distance for all
It can be thought of, I think, as mostiy - as a combina- the neodymium ions and use this as an indication of
tion of Gaussian and a Larentzian. Praseodymium the power law for the Interaction.
ions are quenched so rapidly - their lower state is
quenched so rapidly - - that the line i- broadened. Now, one more thing ought to be said about this inter-

action. It is not a resonant transfer. It is a non-
Now, how to separate these Gaussian ,nd Lorentzian resonant trar'Mer, because there is several hundred
contributions to the line width. This is done by taking wave numb6 :s difference between the Nd and Pr levels.
a Fourier transform cf the line shape about the center It must involve the phonon frequency and several proc-
and plotting itagainst 1/&o 2 for thLŽ Gaussian part, you esses are being considered.
get a straight line on semilog paper. A Lorentzian
line gives a straight line onplottingagainst 11w . For One of these Is simply that the diple-dipole inter-
a complex line you can get good straight line part on action between the two ions is modulated by the lattise
one plot for the center of it for the Gaussian part and vibrations and youget side bands of the praseodyrAium
a good! straight line on the other plot for the Larentzian transition at the neodymium frequency.
wing and so you derive a width and from that a lifetime
for the transfer process. The results obtained this There are other theories in which the crystal field
way ire shown on the next slide. produces the ordinary sort of side bands on the tran-

sitions in the praseodymium and these are resonant
Th(4 Lorentzian line width obtained in this way is pretty with the neodymium. But that is not fully understood
much linearwith concentration up to about two pertent. at the moment.
From that on up, actually they went to five percent,
the line width levels off. DR. BHAUMIC: Where is the possibility of a dipole-

dipole transition between the vibronic states and theNow, this is in cm rest to some other energy transfer donor state, you could have allowed some r~art of' the--

experiments whet , rate of transfer was a higher

power than the firsL wver o0 the concentration.
PROF. SCHAWLOW: I think that is really what I zmant

Now, what this means is at thia moment obscure. It by that second type. It is not certain whether that is
would seem that the wings of the line are perhaps most the common one or whether it is the direct dipole-
sensitive to the nearest neodymium ion and perhaps dipole interaction as modified by the phonon field. I
may be a measure of the probability that a near site am afraid our thinking is not very C- -• his point
is occupied and no more than one is occupied. When yet.

/•VLORENTZ VS n(Nd)

2.0 ,5985 A L F3 : Pr -

21.0
U1. -.-

z

0I 'I .I

0 1.0 2.0 3.0 4.0 5.0
3+Nd CONCENTRATION (Wt.%)--
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(Question inaudible) One other point, Mr. Johnson and Dr. Scott have been
The exchange is probably small. It is thought that making measureme,,tson tle absorption line, the sharl

pe'rnaps some of these bumps which also show up in absorption line of Cr 3 + In MgO.
the Fourier transfer may be exchanged-coupled pairs
but there is no thorough analysis. The sharper line cubic site there is known to give a

I might add one more quick comment, and that is that magnetic dipole absoiption.
tile word on the exchange coupled ion pairs, in fact
I'd like to mention two points, the work on the ex-
changed couple ionpairs in ruby has come quite a long The question was raised whether it could also be a
way even since, we talked about it at the Berkeley two phonon Tbsorptijn. it was either zero phonon or
meeting at Christmas and we now, Mr. Mollenauer two phonons. They find that there is very little tern-
now has pretty positive identification of the first, sec- perature dependence in the integrated absorption, so
ond and third and fourth nearest neighbors. We now it seems to be a magnetic dipole even though the
believe that the first, second and third are anti- oscillator strength is somevwhat greater than those
ferromagnetically coupled and the fourth are ferro- mentioned earlier for magnetic dipole transitions in
magnetically coupled. manganese.
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DR. ROBERT OHLMAN": I would like to say a few transfer must be from a higher excited state of the
words about some experiments we have been doing. chromium, that is not from the 2 E level.

We have been studying the energy transfer in gadolin- The neodymium, fluorescence decay curve cannot be
ium aluminum oxide, and this is an interesting host fitted by the sum of just two exponentials. One needs
for a nu,•mbr of reasons. First of all, in very con- three or more exponentials to fit its curvature. We
centrated gadolinium niaterial you would find at' ab- believe that the intermediate decay rate is due to
sorption in the gadolinium lines, of course. We have transfei --ia either the pairs of chromiums or by the
put chromium in this material and neodymium in tl)-s vibronic system. In terms of the spectral overlap of
material separately and together. First of all, let's the neodymium and chrom~um system, the neodym-
consider the chromium spectrum. We find that there ium excitation line tails right between the chromium
is excitation of chromium fluorescence by pumping single-ion and pair emission lines.
into the gadolinium lines, those that occur at 2750
Angstroms and 3140 Aiigstroms, and quite effective DR. NAIMAN: Your first data was on gadolinium?
transfer occurs from gadolintum to chromium. There
is also the normal excitation of chromium in the two DR. OHLMANN: I am talking about gadolinium alumi-
bands in the blue and green. num oxide.

If you look at the fluorescent spectrum at 77'K, which DR. NAIMAN: And you put in some chromium?
is as low in temperature as we have gone at present,
you find the chromium R line is split into five lines, DR. OHLMANN: We put in chromium and neody.,nium.
which is somewhat unusual. One must consider the
exchange effects of the concentrated gadolinium around DR. NA1MAN: Just the chromium for the momant.
each chromium ion. It seems reasonable thatif you What is the trarsferfrom the gadolinium to chromium,
couple the gadolinium ground-state spin with the spins what frequency does that occur? Is that a resinant
of the chromium ground state and excited state you traxisfer or non-resonant one?
can conceivably come up with the proper number of
states, considering selection rules, to explain five DR. OHLMANN: It is not clear in this crystal. Let's
lines. These lines are somewhat broadand overlap- put it this way, the excitation of the chromium is oc-
ping and there may be sub-lines hidden within them. curring at 3150 Angsiroms and at higher energies.

The chromium has charge transfer bands possibly up
We have also put in neodymium in this crystal and that high.
energy transfer also occurs from gadolinium to neo-
dymium. When we putchromium and neodymium to- DR. NAIMAN: I think thatis exactly the question, be-
gether into this system there is energy transferfrom cause there is evidence for doublets in this region and
chromium to neodymium. That is, if we pump into the question is whether this transfer would go directly
chromium absorption bands, the neodymium. fluo.- via the doubletsto t the 2 E stae of; ft Urou-d go via the
Sresce. This ispairticularly evident in the blue exci- quartet and down.
tation band around 4100 Angstroms where neodymium
has very poor absorption characteristics. DR. OHLMANN: I think it is easily said that it is an

awful big gap tojump directly from the 30, 000 wave
To consider the rates of these transfer processes we numbers to the E enerogy at 14, 000 wave number,.
have studied the decay times of these ions. The chro- Much more likely it is going via some intermediate
mium decay time with.out neodymium present is about states from the doublet state up in that region of
18 milliseconds at 77 K. In the mixed crystal the chromium.
chromium decay speeds up a little bit, about 30% at
two g ,rL2nt neodymium concentration. The neo- DR. NAIMAN: I mean to say doublets up in that re-
dymium lifetime stays about the same, at 130 micro- gion or up to the quartet, blue band and then down.
seconds, regardless of the amount of chromium pres-
ent, at least up to a half percent. DR. OHLMANN: It is not clear. However, I can say

that in a similar crystal, lanthanum aluminate, where
Let me describe very briefly the character of the we looked at the chrimium excitation spectra, there
fluorescence decay you get from neodymium in this are no excitation bai-ds around 3150A.
double-doped system. We have studied thedecay for
about five decades of intensity change. First of all, DR. HOLLOWAY: I tried similar things on powder
there is a very fast neodymium decay of 130 ý,sec samples of aluminum oxide. I was worried about the
decay time. After a few milliseconds the decay char- different sites here and again I didn't see any change
acter changes and a long decay time taill is observed in the lifetime of the chromium due to the presence
which appears to have a decay time of 10 to 20 milli- of neodymium so I concluded it wasn't resonant from
seconds. The shape of this decay curve does not this state,
change, i. e., it has both fast and slow components,
even if we pump just into the chromium band at 4-00 My question is do you think or have you tried transfer
Angstroms. from a non--fluorescentchromium into the neodymium?

DR. OHLMAN'N: What du you mean by non-
Now if one pumps just into the chromium absorption fluorescent?
band and the only energy transfer is a slow transfer
via the 2 E level, one would expect to observe only the DR. HOLLOWAY: Well, chromium doesn't fluoresce
slow component of the neodymium fluorescence decay, in everything you put it in, it requires special sym-
However, when we do this we find that a large portion metry. If you put it in a host in which it didn't
of the neodymium fluorescence decay is a fast decay. fluoresce could you try and pump into the chromium
This leads us to assume that tCie fast rate of energy and see if you get transfer that way?
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DR. OHLMANN: But if the chromium is not fluo- DR. OHLMANN: Experimentallywehaven't tried any
rescent and transfer does occur, that doesn't neces- samples in which chromium was not also fluorescent.
sarily tell us fi ',m which state the transfer is
oc curr ing.

DR. HOLLOWAY: It just struck me as, something that
DR. HOLLYWAY: Yes, sure. ,night be interesting.
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DR. NAIMAN: The subject of our investigations sur- Here we simply have the two-level system. 'We have
rounds a particular concept called the Ligand Field some initial ligand field or crystal field Ai and we go
Maser Princinle*. In presenting this material, I rapidly from this condition to the final condition At.
would like to skim through a number of topics that we If we can produce this within the relative relaxation
have investigated based on this same central idea, time of tile system we can produce a population
and finally localize on a particular one which involves inversion.
magnetic susceptibility data on lanthanum cobaltate.
After that, Dr. Di Bartolo will take over and go into Now, a simple equation that could illustrate these en-
some specific heat calculations of tie same system ergy levels is tetragonal variation due to distortion of
and also discuss some of the maser properties of a cube along the z-axis.
this type of device.

Assume that we have a level that is triply degenerate
Our main object is to study a new method of produc- in cubic fields due to the equivalence of the three ax-
ing population inversion. The method utilizes inter- ial directions x, y, z. We now consider what happens
nal electric fields in crystals and molecules due to to the energy levels as one distorts along the z-axis.
tile nearest neighboring ligands and therefore we call It is not too hard to see that if an axial elongation
it variation of ligand field. It is based on the fact that (that lengthens z with respect to x and y) produces a
the order of energy levels of an electronic system de- splitting of the energy levels corresponding Io A i,
pends upon the symmetry and/or intensity of the sur- then an axial confrction of this snmp• z directinn with
rounding ligand field. For ions near a changeover or respect to x and y, will produce an inversion of these
crossover of energy levels, if one can vary this-field energies, corresponding toaf.
within tile relaxation time of the system then one can
produce a population inversion between the levels.

LIOAiND FZLr=D VARIATION RILE•VAiT FRIEOUJE4C21 PUWP M4ETHOD

Now, this means that one aspect of our investigation ,. i.•i.r.,,,l, t, ml,....o d-
has been on the dynamic properties of energy levels
near the crossover region. However, another basic L 1...1-1 F, , d...

objective was to utilize the fact that small changes of 3. s,,,ty l%,- TA. r, od-1 sp-,,

the ligand field at tile ground stale crossover give
large changes in the properties of this electronic sys-

.tem. Therefore, even statically, you can deduce ex-
perimentally information that can shed light on the You can classify tile various types of ligand field
basic crystal field theory itself; on approximations variation conveniently as outlined in the next slide.
such as the various types of crystal field calculations, For example, we can talk about exactly the method
use of parameters, etc. we have just mentioned, small variations of symme-

try such as trigonal and tetragonal distortions. We
We... an viuai the ge ideca1 hr by- l ...... m-cne t look att inOW large a frequency change do you get

diagram. May I have the first slide, when you produce such chang For me al ions in
crystals, these fall typically it. he microwave and
down.

As an aside, it is interesting to mention that a ,tu-VARIATION OF THE LIGAND FIELD dent of Professor Bloembergen's many years ago,

in studying the paramagnetic resonence of ni.kel
ENERGY fluOsilicate applied hydrostatic pressure to this crys-

tal which has trigonal symmetry. However the crys-
tal didn't squeeze hydrostatically, arid in fact he thus
changed the orderv of the ground state energy levels
and produced an inversion of these energy levels.
For many reasons this is i A the most interesting
system to actually study.

Then we can take a look at the method that is much
more import.s:t, namely, vari,tion of the ligand field
intensity or m' strength of the crystal field, called
lOitq or /t . epending on the notation you happen toK,• use). rtsed on the simple point charge model, for
A, ad looking at tile magnitudes of distortions and

I crystals in which you can produce variation of tie
nearest neighbor distance with piezoelectric effects,

I you find that tile fr , IR and high microwave region
I appears to be a reasonable region for the maser
_ _ _ _ __ output.

i f Then we can go to a system which is entirely differ-

ent in design though similar in concept, namely
LIGAND FIELD where one changes the symmetry of the nearest

neighbors drastically. There are a number of mole-
cules that go through such as a function of tempera-
ture and pressure. Here we envisage the physical

*Patent Pending system essentially a chemical laser. One can show
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tha, in certain system; you expect the conversion to To get a better evaluation of our ability to vary the
to produce more prodt ,ts in excited electronic states ligand field we have performed a Stark expei Imne:.,
than in the ge'ound state. This is; particularly true for on the spectra of Co+3 in KTaO3. Unfortunately, be-
cases such as the d5 ion, where you have certain spin cause of the semi-conducting properties of the host
selection rules that help guarantee this. crystal, this was not too successful. It is now being

repeated with other crystals.
Eased on this general approach, we have surveyed the
literature and we have found what appear to be about We have measured the properties of cobalt doped
forty odd promising cases. With limited funds you strontium titanate, and again found our cobalt +3 in
have to make a -'ecision and we have chosen for our a strong field, diamagnetic state. Also, we didn't
first efforts a combination of 2 and 1. More specifi- find any paramagnetic resonance.
cally we are studying the crossover Co+3 (l 6), which
is expected to occur in perovsitite oxides. We also performed this experiment with barium ti-

tanate utilizing some very excellent barium titanate
In order to give you an appreciation for the types of grown by Dr. Arthur Linz of MIT's Crystal Physics
things on which we have concentrated in this investi- Lab and thei e we found a considerable amount of co-
gation, I will just briefly list some of them, and Iwill balit +2. In recent work which we have done in larth-
be happy to go into detail in any of them if there are anum aluminate (to be discussed at the Kansas City
any questions. For example, we have looked at the meeting) we have also found a considerable amount of
octahedral ground state energy levels in the crossover cobalt +2 in addition to the +3, not noticed before by
region and taking into account spin orbit interactions other workers.
to the second order.

To outline some aspects of the theory, in the next
Then we have also looked at the magnetic susceptibil- slide, we show the five different d orbitals. I think
ity of the ions, d4 , d5 , d6 , and d7 , which are known you can appreciate that these three orbitals xy, yz,
to have at least two different ground states. The and zx, will feel tile effects of tile six ligands at the
reason is that we obviously wanted to cover as many ±x, ±y, and ±z axes much less than the two x 2 -y2
materials as we could and we had to find rapid exper- and z , which point directly at the neighbors. There-
imental techniques to find a way oZ knowing how close fore in thL next slide you see the actual energy level
we were to the crossover. One of these is by tile splitting which does come about in simple crystal
change in magnetic properties of our ions. field theory in the cubic field. We will consider two

different cases based onl the relative magnitude of
Then we have looked at tile optical absorption proper- the ligand field, A, and the so-called spin-pairing
ties of these same systems. As it turns out, one often energy, R. Two different sorts of ground states can
will find an absorption of one ground state overlapping occur, depending upon the value of A with respect to
with the absorption of the other ground state. This can R. They are shown here for the case of d 6 , which i"
bring to mind to many of you, I am sure, many inter- the contfiguration that we will discuss further in detail
esting applications of such a material where a small
change of external electric field changes tile absorp-
tion properties dramatically. We have looked into
such, overlapping effects as these occur in these d4,
d5 , d6 , and d7 systems.

In addition to the optical dn--dn transitions, a much
more dramatic change occurs in the higher near UV ¢,
and UV region due to so-called "charge trallsfe""
tr'lnsitions. If one studies tile two different ground
states it is possible to show that there will be large
changes in the optical absorption of the rharge trans-
fer region. Here, by electron or charge transfer I
mean taking an electron from one of the central metal
ions, and moving it oil to tie ligands or from the
liganlds or from the ligands on to the central metal
ion. The two different ground states are very differ-
ent in their electronic configuration and in their chem-
Ical stability. Therefore, in some cases it is easier
to remove all electron while in the other ground state,
it is much harder to remove an electron. Conse- 41 dyl
quently tile optical absorption moves way out toward
the UV region.

'?xperimentally, the hligh point of our most recent
w -rk has been the growth of a single crystal lanth-
anum cobaltate where we have been able to find and
measure a very characteristic temperature depend-
ence from 4.2"K to 300'K of the magnetic suscepti-
bility. We have also looked at other crystals, such
as C6u03 in KTa0q and in these cases, for example,
n1 temperature dependence was found. This is due
to the fact, as verified by optical data, that the Co+3  d 2.y2
i. in a strong field and therefore you wouldn't expect The angular distributionof the dorbitals.
It to be temperature dependent.
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W.4 F.A, W .. &V,.4.56t,, .,.,, s,-ty Well, this slide shows exactly the condition of the
last slide, but on a multi-energy level diagram. I
am sorry I have the d5 one, not the d However we
can use the exact same analysis with one less elec-
tron. Agoain you get a crossover of ground state,1 which is the main point. For the weak field you get
a 6A1 state, and for the strong field you get a 2E

d(.. A d Is) A>R state. Again there is a double spin change, so you
"I get different selection rules for optical spectra. Be-

cause the 6 A1 state is spin forbidden, all absorptions
are weak. In addition to that you wilt get changing of
paramagnetic properties from five to one unpaired

*,J (r) , spin. In this case it is not as dramatic as the d6 be-
cause both states are paramagnetic, though with dif-
ferent spin.

Next slide.

Let us take our first case of the weak '"eld ground
state then we have our six spins assuming orienta- ENERY LVEý OF o.'

2
1dA,,

tions as in the free ion. Three spins go in spin par- "", "* b -0' -... d 02.15)

allel in tile lower T 2 state and, the next two go in
parallel in the e state as Hund's rules tell us. Having LEL_. COM4"rTEO lc "1 OIZCVE0.."1 COM,_,__

used up all tile orbital degeneracy, the sixth one must 0,(161 0 ...
have its spin turned over in tile lower state. We have 'T,0 11 21. (,.

a 5T 2 ground state.
"T,1,4.2) l$ I" hNhlo f.rbw

For the strong field case, our energy separation here 'TzftS.) 19 ...

is so large that it costs us less energy to put our
fourth and fifth spins down in the lower energy level IT

1
0

2
.) 0100 ,1%00 -..d 1- fit-.

or "spin pair" it. Here we now have three spin up 'rT,0.0 230300 229X0 .. " (. I.,g

and three spin down, and so we have a diamagnetic S 2

state. Looking at the spin change alone, you cansee
that tile optical absorption is going to be dramatically 'T,(.. 22000 3000 coo ,

different for the two ground states. One is a quintet 11 2...... . ....... .. ,....
and one is a singlet. Likewise the magnetic proper-
ties are going to be drastically different. 3.'AdI.b •10" ...... '"'"'"'."

May i ta-ve hi¢e next slide.... . .. " 2...0

D,,.&00 WoOl.-. J CShn. my.. L6. 2157039420

80 0 4A, I Much of our work involves Co+3 in octahedral oxygen
- 2  coordination. We have used as a standard the work

70 / by Professor McClure on Co+3 in A12 03 however we
/ 4T did refit the levels. We find that, whereas we very

I E I wholeheartedly recommend more sophisticated ligand
60 o. 1i72 field calculations and are involved directly in such

4/ /4l, 4E work, in many respects the simple crystal field model

F / 2!Al if very adequate. We often fit our spectra in order to
50 - A2 know what values do we get for A, B, and C (the Racah

21 T, parameters) using just a sir.nple approximation, just
2 TA to find out where we are m ith respect to the cross-

S --- --- E over. Now, I thiin. Professor McClure noted in his

'A. 2 T papers on transitionl ietal ions in A12 03 that perhlaps4G the Co+3 in Al-0 3 is near the crossover. It was also
30 AITZ of interest to Us to find where this state would be

found and we refitted the experimental results. By
ilcluding configuration interaction, we find this state

0 " 4T, would be quite high up in tile optical, consistent with

a: tile other data on Co+3 oxides that we have.

In the nuxt couple of slides, without going into detail,
2A we will show similar fits of Co+3 opticaýi data in other

0 20 ___ crystals. The next one discusses Co+3 - KTa0 3 . Next
5 o 0 o 30 40 50 o 6 slide. This is just a comparison of tile so-calledspin

00 a _. pairing energy which we take as 2. 5B plus 4C in these
s various crystals that you have just seen through the

ENERGY LEVELS FOR THE ds ION spectra.
IN CUBIC SYMMETRY Next slide. Much of this optical work has gone into

(C/BO 4.477) just plain establishing the properties of these doped
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ENRGOY LVYE Or C."01 ) i KT.0 energy associated with this transition is quite high.(A - 17. 10 cm' IS - S3.$ Im°| - 4h) By contrast, ,;ix d-electrons in a weak field, where
if you remove just one electron you will end up with

a half-filled d shell, is much less stable to removal
1Xv~L CO0UTK.lo") ORSvO.," COMMENTS of an electron. Such a transition is energetically

.. ••,0 much lower than the previous one.

3TtS. I0 230 9 350 ... -* k However in the strong field d 6 case, which is denoted
sTZ (,4.zl 12 9W ..... highly |o-M,& . by the dotted line in the figure, we have a fully closed

t2g sub-shell. It therefore "costs" us quite a bit of

3TZ(,s.) 1 05 .... energy to remove an electron. This absorption will
be at a higher value than the one for the other weak

1•, ,4 "a 14 600U-4 f- °'s ""field ground state and so you get this shift due to a
'IT (.) zz 7oo ,z zoo . U- for H,1, strong, fully-allowed transition which will occur in

the near UV region. These conclusions are based on
3Z 2t4,) Z7830 Z 00, .. , calculations following an extension, of the crystal field-

3 4model using molecular orbital approximations.
]T~lIt * 20 l%0 ZO '•0 lol

TZ Y,-) 35 hZO ....... oro A specific crystal that has brought us close to the
crossover region is lanthanum cobaltate. Our ap-

-4 b.-pd- proach, associated with interpreting our data, may
be discussed with the help of the next slide.

ST, 4*•, 38 000 ...... h-o. b*o-pdIO

"EXPECTED BEHAVIOR OF X (d6) WITH GROUND

STATE "CHANGE-OVER" at T
COMPARISON Or THE SPIN-PAIRING ENERGI FOR

Co.
3

(d
6

1

HOST CRYSTAL f SPIN.pAIRINO F.NEOY(" T < < -ediamagnetic

SAo0
3  Soo 0 a + Temperature IndependentA"20• M5 1"•13

T,,03  
$63 IS 084 Paramagnetism

L &,... 2. O$4C0 T> > To paramagnetic - / T

T To go thruat leaston maximum

.0 ." •A number of groups have studied this crystal and

/ they have shown that the magnetic moment is con-
40 'siderably smaller than the spin only value. Others

- have interpreted some of the properties, especially
20 ... ,- a plateau in susceptibility between 400 degrees and

600 degrees, as due to a ligand field crossover gen-
erated by the thermal expansion of the lattice. So of

O I / < course this led us to investigating the system.

.. ...... "Now, what is of great importance h•ere, is that small
amounts of Co+4 are known to be central in the in-
terpretation of the properties of the powdered mate-

• crystals for strong field and weak field configurations rials. Because of this we have made a careful an-cin th optical region. Another interesting area was alysis of our single crystals of lanthanum cobaltatethe charge transfer An that i mentioned earlas and find that they are less than a half percent offI think that with the spectra that g eid ed earlier. stoichiometry. By studying this susceptibility we"chemical" iatuith t ahelp of this slide and a little find an interesting role played by other than cubic" intuition, based on the fact that closed distortions in this crystal. Now you might ask your-
and half-closed shells are particularly stable, we self what would we expect as a function of tempera-
can appreciate how this occurs, ture of the susceptibility, where we have a strong

Let us center our attention on an electron or charge field, diamagnetic state and a weak field paran'ig-

transfer, where we are removing an electron from netic state, and where the thermal expansion of the

the central metal ion and having It end up on the lattice causes a ground state crossnver?

ligands. Let us take two dramatic examples. Let First of all, at very low temperatures where the
us take the d 5 ion In the weak field configuration, crystal is contracted and you are in the strong field
where, because we have a half filled d shell, -e'd state you'd expect that eventually the crystal becomes
expect it would be chemically stable. This, ' diamagnetic. (That is, except for temperature and
be shown in such a curve by the fact that in tiat!"' d paramagnetic which is known to be considerable for
line (which y-fers to tile high spin ground statt, uib cobalt complexes.) At very high temperatures we
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know that it must drop even if it becomes paramag- different valuei of To, the crossover temperature,
netic, because the susceptibility is proportional to as defined previously.
i/T. At some temperature, near To, the tempera-
ture where the crossover occurs, the susceptibility
would produce a maximum.

Let's tak t look at the next slide where we have a
simple, order of magnitude, calculation of what you
could expect from variations of the nearest neighbor I
distance and their effect on the ligand field. In the
most elementary calculation, one can assume the \'--
point charge model. Let R denote the nearest neigh-
bor distance and the exponent n will be anywhere be-
tween five and seven. This is known to be a gooo P
approximation from some high pressure measure- .o
ments of Drickamer and co-wor-ers. Define a pa-
rameter, 6, which measures the variation from the
crossover point and you can then get a temperature
dependence for the energy difference of su' Ii a cross- 0______ K

over. This is quite straight-forward and is the basis 7"--

of our calculations of estimates for optical ,bsorp-
tions and susceptibility, etc.

"TEMPERATURE VARIATION OF & Next slide These are the d 6 energy levels on which
.we should foLuS our attention. We begin at low tem-

Lec peratures with the 1A1 state, assuming we are now
n- 5<n7in the strong field case. We then have the 5 T 2 state,which is the next excited state, the paramnagnetic,

4nd R - Ro (1 +a T) a a 10-5 cm/*K weak field state. Here we have introduced firstorder
spin orbit splitting. We define our parameter E as

Then A - - (1-n a T) energy between the ground state and the first of these
Rn spin-oroit excited states in an octahedral field. At

0 least for now we vill define it like that, and we will

O ) redefine it when we look at our data more carefully.

ENERGY LEVELS OF A 0' ION IN A
STRONG CrIYSTAL FIELD (NEAR THE CROSS-OV/ER)

Let 6 A- o I i
I T (I".) I

Th n& - A , .. . .. ,,., 1 (T ......... .... - iT
,3v [ 4- . aTo 7 - TI

A, A. i, r i, !

Next slide. Here you h2.ve an example of the spin ',
or-bit interaction between the two ground states for - l I-A,
d6 . It turns out, as was mentioned earlier, these 3T l • ) T.

two states are two away from each other in spin so [ i\,rL ,
they will not affect each other directly. But there y It's) A t
are higher states by which they can interact and so C
there is an Al state, for example, that will arise I
from the IA1 state and also from the 5 T 2 which will I '

interact with each other. ,-

-1
- O BI T I I '

I £FIRST OROA SECOND O
I I

Next slide. Here we have the actual measurement
of the susceptibility of our single crystal between

I L L L L4. 2 degrees and room temperature. This is given
S..... in terms of#•2 ... -for plotting purposes.

effective

Now we can go back and take our expression for sus-
Next slide. Here is an example of the type of sus- ceptibility given in terms of the parameter E, and
eeptibility one migh~t get from suchl system for derive from our data the variation of E as a function
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This work has led-to a slight controversy which serves
to introduce some of Dr. DiBartolo' s talk. What hap-

- pened is that the research was presented at the Mag-
z netism ard Magnetic Materials Conference last fall.

Coincidei..lly two other groups presented papers on
4 '•the same material, but, on the powders, not single

crystals. Their powder susceptibility implied an anti-
ferromagnetic ordering at aroand nitrogen tempera-

3 ture, something which our samples definitely do not
show. We have been able to rule this out, well withii-'
experimental results. Tb,1 question arises how can,(-Z F, L.c. a, one distinguish between - excited state effect and a
magnetic ordering effec, One way, of course, is
with neutrul Aiffraction and the Lincoln Lab group has

0 -0 ,5 1 0oo M 300 informed me that they are carrying this out on their
T ('K) powders. Other properties such as electron para-

magnetic resonance, NMR, etc., according to Dr.
Goodenough would never show up because of a delo-

of temperature this is shown in the next slide. From calizing effect that is the basis of their new theory.
the slide one can see that E is nicely linear as a func- We believe that another method of studying this would
tion of temperature, but it goes exactly the wrongway! be with the specific heat properties o. the system.
One would expect that as we went to higher tempera- Dr. DiBartoio will discuss the specific heat of such
tures the 5 T2, state would become lowest and at lower a system, which is also of general interest in mag-
temperature the lAl would become lowest and this netically coupled pairs.
data represents just the opposite! So we have to look
at our results more carefully. May I just conclude with mentioning that we have per-

formed optical Stark experiments on the Co+3 - KTa0 3.
We halve assumed cubic symmetry and we derive this These are now being expanded to other crystals such
formula for the energy level splitting as a function of as Co÷3  SrTiO3 whose energy levels :0re sibown on
temperature in terms of the susce tibility whtli only .,hie next slide. Our next approach in the theory is to
spin orbit splitting of the 5T 2 and TAl states to first ) look at some of the Jahn-Teller effects near these
order. crossovers to-see what might happen in terms of pos-

sible distortions. We are also studying the maser
700 properties of the various energy level systems. For

I -L a iexample, we have been concenLrating on a system'.CROY I.EWVL SEPARATMO IIETVIE[N "

60o0 i , T,(T,) •A•s ] that might work on a natural Q-switch principle. OnI the o';her hand, experimentally, the major problem
500 will b, to extend our quest for materials at or close

to thocrossover. Thank you.

f400

W300

0 -

0 50 100 150 200 250 300, .. aGy 1 ILSu Of C41106 11 SrIO,
T I*K) (,•i,~ mI Hc~,C - 48)

t,,ve:l COMPUTED A1 O-PVE o k..Qvit |,,'! COMMENTrS

Now, the latter ;s a pretty good approximation, some-
"thing like two to five percent. Bull since this dues ', (") ..... ,

contradict our results considerably we believe that '1 ",•) 9160 1700* .,.,
what it really imphes, is that the former approxima- r, Y,

"tiun is not valid. Specifically, we believe that there - , *. l,,4o

is a low symmetry distortion from, the cubic struc- 14,7. 0 *n- ,.., .
,ure which is probably trigonal. Then, the T2 (5 T 2 ) , , ...I ,, 1,,,.,

state, which is the lowest of the excited states, will
be split further in. such lower trigonal symmetry. '.I l*** "S** •'. *"
What happens is that this trigohal splitting is tern- ,I(1..• .,4 ..... W.
perature dependent and increases as you go d-.wn In ""'
temnporature so you actually bring the lowest of the 3TIh.)1 24...,

excite I states and the ground state closer together tV1,,.,) 1 ....
opposite to what the center of gravity would actually -
do. This is very interesting, because it is almost 110,11 , ... o..........

exactly what is found for chromium in lanthanum 'T,(,4 2 . ..... ,10
aluminate of the same structure. Here too the tri- ,.,-
gonal splitting increases, as you go down in temper- ',... -1,

ature, almost linearly and so this seems to corrob- ',- .A. ., MI 17 IA,.dP,....

orate this data quite nicely. "' '"')
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DR. DI BARTOLO: As Dr, Naiman has said our ap- PROF. McCLURE: Then spin orbit splitting is giving
proach has been to consider systems near the cross-- you this level structure?
over, statically. In other words, we have examined
the adiabatic clanges of certain characte, istics when DR. NAIMAN: Both spin-orbit and triponal perturba-
the magnetic ion is close to the crossover. tion are causing the splitting of the 5 T2 level. I might

say that electron paramagnetic resonance was tried
A system that we have examined is LaCe03; we have with this system. The absence of detectable signal
done measurements of magnetic susceptibility on it, implies either a diamagnetic Co 3 + or a highly concen-
and we have interpreted them by assuming a linear trated paramagnc[ic Co 3+.
dependence with temperature of the energy separation
between the two levels which are of interest in the DR. DI BARTOLO: The second slide shows the tem-
phenomenon. perature dependence of the specific heat of a two level

system with; an energy difference independent from
We thought that perhaps this system could show some temperature. This type of temperature dependence
characteristic properties if we considered also its of C. has actually been seen in paramagnetic salts.
specific heat.

Values of a < o correspond to systems in which the
May I have the first slide, please, ground skate is diamagnetic and the lirst excited state

is two-fold degenerate. Values of a , o corresponI to
systems in which the groux.d state is two-fold degen-

Spvcific 111i at of a Two Level System erate and the first excited state is ion-degenerate.

Et E = a + bT In the next slide the case b . o corresponds to a two
level system with an energy difference independent of

gI = T, and the characteristic peak in C.. We have also

g2= 2 here the T dependence of C, for systems with energy
I d-dference varying linearly with T. For b = 0. 5 we

a a = 6.67 cm-; see that the peak in C, shifts to higher temperatures.
T b 199 cm1 - Finally for higher values ei b the peak disappears.

deg The value of b = 1.99 is the oi.- which fits our suscep-
tibility measurements for LaCoO3 . Then for this sys-

El E E tem we expect a contribution to the specific heat of

U Ei gi e- 2 ae~ KT + 2bTeKT al'out 0. 5 cal/mole deg in the 2,- -300° range.

Ei E E Evidently this type of measurements could be corre-
-gi eKT I + 2e-KT I i- 2e"KT lated with magnetic susceptibility measurements and

tile presence or not of a peak could give some indica-
tion about the temperature dependence of the differ-

E r E \1 ence between the two levels which are involved n batLh.
ALT he. . br+bKT. . +2eK.....hrniai and magnetic effects.

-V E'

KT2(I + 2c-KTy The next thing I would like to talk about is the ligand
field maser. I would like to make some observations

E on the conditions we have to establish to achieve a

1 + 2e-KT negative temperature in tile presence of the relaxation
C, C. Cmax for E = 2KT -processes.

1 - 2e"K'r We may consider in the following slide the simple ex-
ample of a two level system which is close to the cross-
over. A E is tile energy difference of the two levels.

We hlave here a two level system, whose diiierence in We may c.ll p the parameter that we change to pro-
energy varies linearly with temperature. The ground duce a variation in dE. We may. for example squeeze
state is a diamagnetic state and the excited state is the crystal: in this case p is the pressure.
two-fold degenerate.

Now we ask ourselves: what are the dynamical condi-
Now, if we go through the simple calculation of spe- tions of the system as we go through the crossover?
cific heat described above we see from relation (3) The initial conditions are the conditions of thermal
tiat Cv may present a maximum, equilibrium, determined by the energy difference AEi.

PROF. McCLURE: This will be the V3+ type of As we go through the crossover, the very simple equa-
dstate; is that what you have i ? tion (1) tells us how the difference in population be-

groud se taein mind? tweer, level 1 and level 2 changes. In this equation r
DR. NAIMAN: It turns out in effect you'd have a sing- is the relaxation time relative to the relaxation proc-

let in the trigonal field similar to what one has for esses which try at any time to re-establish thermal

V3 + in A12 03, for which tile doublet is around a thou- equilibrium.

sand cm-I above the ground state accoraing to Pro- Now in order to solve this equation exactly we need to
fessor Low. know how the energy gap depends on time t through the

parameter p and -how 7r depends on t through p. Also
PROF. McCLURE: This is now Co 3 +? we need to know how p changes with time: if we have

an impulse of pressure, how exactly pressure changes
DR. NAIMAN: Yes, this case is Co 3 +. with time.
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1.6 CV vs. T (TWO LEVEL SYSTEM WITH
1. 4 - E~a)
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DYNAMIC EQUATIONS OF A TWO LEVEL SYSTEM

dt(N1 N2 = -2 N--2 -2 ÷ A l
dt~•' 1+) d E-

CD Ef Initial Condition

N2(O) N;,m
1 + e KT

and where

2= [pt]
AE = AE [p(t)]
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Let us now go to the next slide In other words, for a difference in energy of 15 silo-
megacycles, we have, in static conditions, a differ-
ence in population N1 - N2 which is about a hundred

CONDITIONS FOfh MASER ACTION times the inversion of population which is needed for
maser action. So we have abort two orders of niag-
nitudes that we can lose when we go through, the cross-

Pcryst = Plost (1) over.

1he problem is now: will the relaxation process allow
is to have just this loss as we go throagh the cross-

Pcryst = (NI - N2)tf Vcryst hyf W; (2) over? Far from the crossover the spin-lattice relax-
ation time is the relevant time. It is at the crossover
that the things get mixed up.

_ 
1 M i 2 T2 (3)
- 2 s 2  A similar problem was faced by Rimai and coworkers

in the Research Division of Raytheon. They achieved

E 1practically an inversion of population in the Zeeman
Plos = w1 1 H2 V (4) ground levels of Ruby by suddenly reversi;g the mag-

lost Q Q 8 s cav netic field. They went through a kind of crossover;
that was a magnetic field crossover. We want to do
the same thing by going through a ligand ficld cross-
over. As they pointed out, the important thing is that

whebe we consider the cond'tions for maser action of the two levels involved should get the least possible

a two level system. Equation (1) tells us that for a amount of mixing.

maser action the power given 'y the crystal to the
cavity should be equal to the power lost in the cavity. Now, what mixes these two levels? Possibly it is the

Tile power lost in the cavity is given by the product of spin-spin interaction. So if we choose properly two

the frequency of oscillation by the energy in the cay- levels which differ in their effective spin number, pos-

ity divided by the Q of the cavity, and the power given sibly this spin-spin ii.teraction is not going to be very

by the crystal is expressed by the product of whatever effective. As a matter of iact, ti ;y achieved inter-
inversion of population we have achieved by the energy action bevween levels, in which the spin-spin interac-

cf the photon by the transition probability by the vol- tion was not very effective.
urte of the crystal. We assume a magnetic dipole I want to point out that the same broadening mechanism
type of traisiAtion, as in Equation (3). which affects the two crossing levels may mix the two

By using the relation (1) and replacing Plost and crossing levels. If spin-spin is the broadening mech-

Pcryst with the expressions we have found we have in aiism (it could also be cross-relaxation) we may want

the next slide an expression for the density of popula- to choose crossing levels with the least possible spin-

tion inversion we have to achieve with a cavity of a spin mixing.

certain Q in order to tchieve maser rc.flon. f is a D
shape factor; it depends on the type of mode we are ex- DR. OHLMAN: You made a statement that your popu-

citing in the cavity. If we plug some numbers for the lation inversion was two orders of magnitude greater

relaxation time and for Q in Equation (2) we come out han some number.

with a value for the population inversion which is about DR. DI BARTOLO: I talked of a system in which the
,one and 1/2, two orders of magnitude less than what
we have before going through the crossover, at the be- difference in energy levels at the beginning was 15 kilo-

ginning of the pressure pulse, for an initial energygap megacycles. This energy gap at 4'K gives you a cer-

of 15 kilomegacycles. tain N1 - N2 . If you can transfer this difference in
populations through the crossover you have two orders
of magnitude more than what you need to achieve

OSCILLATION CONDITION maser action. This is the point.

DR. OHLMAN: In that equation, you had what lost
time or what relaxation time? You have to assume

(N1 - N2 )tf Vcryst hyf W = WfE (1) goine time.

DR. DI BARTOLO: Yes, That T2 in Equation (2) of
last slide has nothing to do with the crossover, that

"(N1 _-VNeav Y "__ (2) time is T 2 at the end.

(Ny N 2ca (2)
V rs ,M 26, DR. OHLMAIN: What T2 at the end did you assume to

get this number for N1 - N2 ?

where SDR. I1 BARTOLO: I assumed 10-7 sec. This is the
point; what happens during the crossover, I mean all

H2 the history from the beginning to tile end affects N1 -

(3) IN a1 'he end. So does the shape of tihe pulse, namely
112 1 y we go. in time, through the varying energy
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PROF. McCLURE: You have another problem: once As you can see from these characteristics, the spin-
you do get through with a spin difference helping you orbit multilevel structures are very useful and so
get through, you st'41 have the problem, once you've these are the energy levels we have actually calcu-
gotten there, that the spin difference is going to in- lated. It is just that our first calculhtions on the
hibit the radiative process that you want to happen maser device properties have started out with two-
afterwards, level systems because the others are that much more

complicated.
DR. NAIMAN: May I show you an example that we
have considered-exactly because of that; namely a DR. OHLMAN Do you have to sweep through this
three-level system. This is why much of what we transition in the 10V second time or faster?
are talking about now is in practice being explored
more directly with three level or multi-level systems. DR. NAIMAN: Trhis depends exactly on the question,
It turns out that if you take the Co 3 + case in tetragonal of what are the relative relaxation times? Another
symmetry, such as the symmetry you get with the pi- point is thatyou don't have to sweep through thewhole
ezoelectric crysta.s we have been investigating, that range in that time. This is because the spin lattice
your lowest states at the crossover will give you an relaxation time, away from the actual crossover re-
Al state and then two other states, I think an E and B tion, is quite ridiculously low. It is the crossover
state. part you have to sweep through rapidly. Also keep in

mind the fact that when you are at these crossovers
In these systems you find that you can produce a that are due to the variation of the intensity of the
ground state, A1 to cross over, not one but at least ligand field, your variation of energy with respect to
two levels B and C. Between the upper ,f these two nearest neighbor distance is very rapid. So that is
levels, C, and the crossing level, A1 , there may be exactly why we are bothering with it. By contrast,
a fairly large interactioa while A is fairly forbidden tetragonal splittings or trigonal splittings just don't
with the lower of the two levels, B. However, the vary that fast.
transition between B and C is somewhat allowLd, so
one ;an get energy out of it. Thus the transition It is at just such an intensity crossover that you could
which one has to sweep through rapidly where A crosses hopefully sweep through this portion here fast euough.
B, is the one which is fairly long-lived: and here the Frankly, we are lust learning about this right now. To
upper levels C to B become the operating maser ourknowledge no one has ever seen such a system so
transition rather than A to B which is the one that is it is hard to do anything but estimate. In fact, that in
doing the pumping for you. This is essentially a itself ts really one of the most worthwhille aspects
three-level rnaser based on the original Ligand Field of the research, just studying such an effect.
two-level maser. Actually, if you look at the orig-
inal two-level LUgand Field Maser it really could be DR. QUELLE: What amount of population inversion
considered in time as a three-level laser. This is in ruby might you get?
because the level which is u.sed for a pump as a func-
Cion of time can be con!sidered two levels. a level DR, DI B13ARTO L Tere i- n,. dat on that in.. the
below and above, The three level Ligand Field Maser Raytheon paper.
then becomes equivalent tc a four-level laser and it
has many of the same conditions and advantages as a DR. QUELLE: Because I think that might give one
four-level laser does over the ordinary three-leveltyp,. some clue of the extent to which this relaxation takes

place when those levels cross.
You can also appreciate that in the three level Ligand
Field Maser process, where A and C interact but DR. NAIMAN: Except for the simple fact that you
A and B do not, often when the splitting is caused by don't have the same type of states for the two cases
the spin-orbit interaction B and C are relatively in- at all.
dependent of the crystal field Involved, thus you may
just get the sharpening effect you need for Q switch DR. OLILMAN: I could answer the questior. With
operation as you move away from the A-C interaction this fast passage you are talking about, 100% inver-
region. slons are quite possible awd seen quite often.
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DR. BEHRINGER: W3 are ready to go to the gases, The experimental situation is defined in the nextslide.
starting out with Prof. Marshall. There is a simplified schematic of many experiments

we are.doing. The metastables are generated in the
PROF. THOMAS C. MARSHALL: As you know in ga I s a-f terglowof the gaseous discharge in reas nably pure

neon. The aftergow, fo- those of you who are not
lasers and similar device the role of the metastables familiar with this term, isaregion follcwtngan active
is very important. This is topic for considerable dis- DC current pulse in the gas. In the afterglow the
cussion and investigation, because the i':measurement electron density is moderate, and it decays exponen-
and control of metastable populations in gaseous dis- el ectron en enit deas ex rune
charges or afterglows is a difficul, matter. I wish to fairly low, so the electrons will not excite neutral
discuss one particular aspect of tho metastables - the neons to metastable or higher states.
control, not the generation of them and then show how
it may be applied to studying the generation of encirgy
in a laser cavity as a function of time.

The sibtation I would like to describe is that in the Apert To ,,I"h,
helium-neon laser, or even a gas containing helium stop

metastables by themselves or neon metastables by focu.ssing Pulsed ....
themselves. If I could have the first slide we will t ube dkchorge

look at the very simplified energy structure of neon. ' 1-- -- j

(S.1.1t 64U2 XI ,f

62 6402 "vy : °ndensing
PM A, g....... ,J ~ lO sO.r".

3Sfliter flli

csope

20. 1ev

The metastables may be measured oy propogating
through this afterglow at any time a beam of probing
radiation from a neon lamp. By measuring the absorp-
tion one can deduce the relative value of the meta-
stable concentration and if oscillator strengths are
"available, also the absolute vahue.

In the course of tie afterglow we have illuminated the
ensemble of metast-ibles by broad-bandradiation pro-
vided by a xenon flash tube. The amount of radiation

18.4ev we use is not very much; we rui, something like "' or
50 Joules per pulse, so the experiment can be pv jed
repetitively, and one can take advantage of signal

Red-Orange averaging techniques.

16.6ew The radiation is enclosed In an optical cavity and one
can calibrate the radiation field therephotometrically;
we get roughly 60000 Kelvin equivalent black body
temperatures from the flash tube pulse.

Ground State

The question is: what happens to the metastable den-
sity when s,-', broad band radiation is cast upon the
metastables, causing the metastables in the neon

Tie metastable state is the lowest one of Interest, afterglow to absorb whatever they please from thls
One can observe that by flooding the system with visi- energy flux?
ble radiation you could establish something of an op-
tical equilibrium betweer. the states by an optical If we start the pulse of light several hundred micro-
pumping process, which take metastable levels up to seconds into tne afterglow, one observes the graph
2P, 3P, and higher levels, slide 3. In the absence of light the decay of meta-

stable concentration follows an exponential decay with
a time constant governed by the gas pressure and other

This process, ... ,es's us because it i. a way of con- considerations in the system. Upon Illuminating this
trolling the population of metastables and also - in the with optical radiation one observes a sizable decrease
particular case of neon - removing them. It is inter- of the population, say on the order of 50% of its initial
esting to do this with light rather than with hot elec- value. The pulse Is about a hundred microseconds
trons, since the electronicenergiescannot be con- long and is not too good geometrically, but notice
trolled to the extent that the photon energies can, after the pulse is over you again have a decay parallel
One must accept excitations from the ground stateas to the initial curve, but now metastables [nave been
well -,ht. you are considering electron bombardment. removed.
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four lowest S states of neon to the 10 21P levels, and

1 0 applied a square pulse of radiation with black body
temperature of about 60000 K We used the oscillator

.8 strengths one gets from the literature and asked for
,7 o a comparison between the metastable population with-

6' o out a flash (which decays with a diffusion time con-
stant we can adjust on a computer) with the population

I _, .dependence with the flash. As the pulse is switched
4 _ 0 on you initially store the particles in the metastable

NORMALIZED 0level in the upper states and since these are of the
POPULATION order of 10 or 20 of these, the metastable population

| drops rapidly within a few spontaneous emission titne
constants. Following that, the population of the meta-

.2 -- stables will be removed via the singlet transitions,
1 0 a-00-0-,as well as by ordinary diffusion. Upon shutting off

0 othe flash there is some recovery of population, but
metastable particles have been lost. How many have
been lost depends on the shape of the pulse and its

.. Io radiation temperatures.
0 0 00 150 20 5""0ME s ro 10 5ondI Could I have the next slide.

EXPERIMENTAL QUENCHING O IS 3 NEON LEVEL 10:e
USING 6334 A

FLASI TEMPERATURE 620
0

-K 
P9

oZ P'4

This is due to the fact that in neon there is a mixure
of decays from the P states to either the triplet or 0
singlets series. In other words, neon is not a good l
Russel-Saunders atom and when you pump the triplet
series froom the Sstates to the P states these can also E4

decay back to the singlet levels. However, the sing- 0 FL

let levels are connected radiatively to the ground state 2

Ly photonM (which can be resonance-trapped) so the
lifetime of the singlets states is rather short. As a 10b
rusult the metastables cycle through the upper states 0 7 10.6 2 4 6 10s 4 04

TIME IAICROSECONDOS
of neon and drain out via the singlet transitions; if you
let this run long enough the metastables ark removed - rL-o U--rUI urýVuII-r• .- 9rA- .14 .
from the afterglow. The interesting thing about this TEMPERATURL 6200'K, F LASH TIME 100 MICROSECONDS

technique is that you are able to do this withoutreally It is informative to examine the populations of the P
perturbing the electrons. states, where one sees in the particular case of the

P4 state (the lower level in the conventional gaseous
Could I have the next slide, please, helium-neon laser) that after a few spontaneous

emission time constants one achieved a population of
the order of one percent of the metastable population.

10 NO FLASH Now, typically, one would obtain in a neon afterglow
8 oralaser about 101 0 or 1011 metastablesperce; this inm-

plies one should obtain about 108 or 109 in the P4 level.

6 It should therefore be possible to turn a He-2Ne laser

5 off with the light flash.

NORMALIZED4 Could I have the next slide, please.

POPULATION
3

FLASH OFF
2- (--O4--.... IOS~

---------------- + Y. 
21f0LV(of1inJ

~ ~ L . ... .. ... . . .. ....

I [ I I I I

0 50 100 iSO 200 250

TIME (micro second%.)
PP.EDICTED QUENCHING OF IS5 LEVEL in 0-,C. W,*G,.Wsc1

10O.CA7SulF iCTAcor DENS-i
FLASH TEMPERATURE 6200 K1

FLASH TIME 100 MICRO SECONDS

J .. .. ,
To check some of these ideas on paper, we set up a ,,,, _
very idealized theoretical model -which connected the %,
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At this time I wish to add parenthetically an application effect an energy transfer from the Helium 3P level
of the above which is of some importance to the people to the neon 4S level. One might then be able to es-
who deal exclusively with gaseous electronics. If you tablish simultaneouoly a parasitic oscillation which
have a way of removing the metastables oi neon, then can be switched on and off with a flash tube.
at sufficiently low electron concentrations you can 10
also quench the process which generates ions of neon 9
and electrons by the collision of two metastables. 8
The optical flash will decrease the metastable density.
The metastables will collide less frequently with each 5
other and generate fewer electrons, the density of
which you can measure with a microwave cavity tech- 4
nique. This can be used to check the idea that ,
metastable-metastable collisons do ionize and con-
tribute significantly to the electron population, and
also determine whettier these hot electrons would
play an important role in the afterglow physics.

0 50 s o O 150 202 250 300

1S 
1

p 
3

S 
3
p TIME (micro secornds)

24.0
23.7 - 23.7 Experimental Quenching of 3S Helium Level

=F 3'1v • 23.0ev 0
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One can construct a parallel argiment for helium LASR 2p
briefly. However, in helium one has good Russell- I
Saunders coupling and if tile energy level is not too I6.6
high one does not cross decays between the triplet and M (ETASTABLE
the singlet series as in neon. It is also of interest to I
note that in helium the number of levels available for I
pumping is much less than neon. However, there is uV
an order of magnitude more pumping in the infrared HELIUM (48"M

transitions as well as a considerable infrared output
of the flash tube; hence there Is a way of separating
metastable pumping in the neon gas which occurs pri-
marily In the visible region from pumping of helium SIMPLIFIED ENERGY LEVELS Of H. AND N.
metastables which will occur primarily in the infra-
red region.

Some tentative results on the pumping of triplethelium Suppose we take the measurements that we made in
levels.are shown in slide 8 and one sees again - 50% afterglow physics where life was simple, where there
decreaseof the triplet metastablepopulation of helium were no exciting electrons, and try to apply them
followed by a relaxation (as the pumping intensity to the much less understood situation that occurs in
decreases) up to its original value. This shows no helium-neon laser of a conventional variety, Let us
particles have been pumped out of the system; namely excite a small fraction of the tube with rf, causing it
one has as many excited states at all times as would to oscillate in a single mode, and introduce a filter
be present if the system were uupumped. Very little over the flash tube that passes visible radiation and
pumping contribution has been found from the visible, thereby pump only neon metastables. The output laser

radiation is monitored by a well filtered photocell.
Suppose one has an infrared He-Ne laser oscillating We emphasize that we are not changing the electron
on the 2S-2P transition. The laser is exposed to a density or temperature, we are not changing the opti-
flash of infrared radiation. We have found that about cal properties, and we are not changing any of the
30% of the 3S density was transferred to the 3P level operating conditions of the laser except the metastable
immediately above, hence it might be possible to concentration.
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zero, builds up initially in an exponential fashion, ani

LIGOt WELDrt then saturates to a value of a/,6.

111p 00 63,, dr = (n)E(n)-' (n)E(na)

OR MIRROR Ir00

CLL TL FLA/"CAVIPy LAýrA =' _T, VC

H. - N. LASER 4

ENCLOSED IN OPTICAL CAVITY X ( 7) YO U [

On the top graph of slide 11 we plot the pumping light Let I ~ Eý
flash intensity; this can be isolated completely from .
the detector if necessary. Now, if the laser is run- 1(.) = I :(-e ,+i/4 e- 7

nin~g Lt fairly high level and the pumping flash is not
too high (something - 20 Joules) then one observes a
cross-modulation of the flash on the laser output. I I

Intensity increases downward. This is caused by the
blocking up of the lower (2p4) level of the laser. On the next slide we have taken some refined data ant

tried to fit the integrated from El Lamb's equation tc
50sosec cm our laser signals. The solid lines are theoreti•'-,

fits of Lamb's integrated equation to the triangi'.•
A I - which are our experimental data.

LAtSER INTENSITY % a/13

30-

B (._ _ _ _ _ _ 41

20 -I ,1 I - 13)

j 212
0 00 o00 300 400

He N, LASER OUTPUý AS A FUNCTION OF TIME AFTER QUENCIINNO

FOR FOUR DIFF FRFNT INTENSITIEs

I would like to point out a few interesting , .agt: ýsou

o this data. First of all, the most intense laser sit Alt
here start essentially from a coherent level. Anr
deflection on this graph is due to coherent laser light
The "noise light", the discharge light, is very nmc
attenuated here and would not show on this level. How
ever, those transitions which occur at much lower ex.

However, somuthing rather more interesting occurs citation start from noise level, so the concept of
if you reduce either the laser level quite a bit or in- assigning them an inital intensity To = 0 will not do as
crease the pumping excitation from flash. In the third the growth of the laser signal may commence at a
trace one sees the laser signal Is completely quenched, rtndom time when there has oeen a very large noiL
but requires a very substantial time (-50 - 100p sec) pulse, It would be informative to study the growth of
to recover its full intensity. Once the laser is turned the coherent light with an image converter camera
off, the pumping light decreases rapidly, andafter the equipped to take -apid photographs. Again I empha-
pump has been off about 10-6 see the states of the neon size that the intei esting point behind this is that we
atom return to their previous population distribution, are not turning the laser discharge off and starting
The laser will require a certain time to oscillate once it again, changing the optical cavity parameters and
more, as the cavity energy increases. Professor watching the equilibrium to be set up, but are rather
Lamb has derived an equation (slide 12) which governs changing the gain of the system by tampering with thf
the time rate of change of the electric field in a single state populations. This process has the advantage ol
mode of laser cavity: changing the other variables of the system very little

for example we have never been able to see any change
To integrate this, we assume a and 6 are constants, of the gas dibcharge impedance when we have illumi-
and obtain an equation which starts from amplitude nated asystem with the lightflashpresently beinguse,
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DR. MARCEL MULLER: i will report on an attempt in the excited state, the vibrational dipolc for obvious
to make a molecular vibration gaseous laser and I reasons will be rather larger than that of a neutral
have no slides, but I will draw one big diagram to molecule.
remind you what I am talking about.

On the basis of all :hese considerations and on the
A molecular vibration laser is a laser based on an bass of some published data on ionization proba-
anharmonic oscillator. It has tobe clearly an anhar- biltties, we chose as a molecule to concentrate onhalf-
monic oscillator because no amount of population heavy hydrogen, HD. The transition that is to be
inversion in a harmonic oscillator can lead to inverted, and it would have been the 2-i transitiun of
amplificatiop., vibrational states, is in the vicinity of five microns.

It has not been seen in emission spectroscopy. This
The way we propose in the anharmonic oscillator to choice turned out to be unfortunate and after investing
bring about a population inversion, I will illustrate by some considerable time in this project we have now
means of a potential diagram for the ground state and been forced to abandon it.
excited state of a diatomic molecule; similar argu-
ments can be made for polyatomic molecules, but we The reason for this is that the reported data on ioni-
will stick to vibrational energy levels shown for a zation efficiencies which indicated that the Franck-
diatomic molecule. Condon principle was obeye'd in the impact ionization

process, (this was done with energy selected elec-
The statement of the Franck-Condon principle is that trons) contained apparently a fair amount of wishful
in an optical or electronic impact excitation of this thinking. Very recent results reported in an issue a
state, an excited vibrational statc, .tamely the one couple of weeks ago of Phys Rev Letters by Briglia
lying vertically above the ground vibrational state of and Rapp indicate that in hydrogen the ionization
the ground electronic state will be preferentially ex- process is not a direct process, but takes place
cited, and when this happens, with the picture as I largely by auto-ionization of excited states of the
have drawn, if I draw a population versus energy moleculi which coincide roughly in energy with the
level diagram in this vuper state, it will have an ground state of the ion that we want to work with. As
envelope something~like this aid there will be inver- a result of this complicated process, it is primarily
sions on the left-hand side in energy of the maximally the ground vibrational state of the ion that becomes
excited state. populated; so I think perhaps another criterion for a

future experiment in this area ought to be a careful
The desirable features of a molecule to be used in examination of the molecules and perhaps a selection
such a scheme are: one, you would like to have a of molecules which tend not to have Rydberg series
large vibrational transition dipole moment, and a or a large accumulation of excitecd states near the
large in this sense means if you are going to do this ionization continuum. This may be somewhat diffi-
in a gas discharge and do it at reasonable pressures cult to find.
and current densities, something in excess of roughly
a tenth of a debye. You would like at least one of the DR. A. V. PHELPS: Juse one remark. I don' "hink
atoms of the molecule to be light, preferably hvdro- the whole story ias in, on that -yet. I Think 1"is d~epehds-
gen, because of course there is additional structure, at least at the present on how one does the experi-
each of these vibrational levels comprises a number ment and so it may very well be that one can get
of rotational levels, you would like few rotational around this. In other words, selection of the
levels to be populated, this is to say the rotation molecule.
constant is to be large. Consequently, hydrogenic
molecules are desirable. DR. MULLER: Oh yes, I am not saying that all

molecules - -

It is, of course, essential that the excited electronic
state have an inter-nuclear distance different from DR. PHELPS: I am talking about hydrogen. I think
that of the ground state in order that the Franck- there is evidence that some types of experiments do
Condon vertical transition provide a population in- satisfy Franck-Condon principle, at least so far as
version; also It is desirable, and this will always the measurements are a measure of the vibrational
accompany the previous condition, that the vibrational state, and they are not a direct measure.
frequency in the excited state be substantially differ-
ent, by more than several KT, from the vibrational DR. MULLER: Well, the data that were reported
energy di.ference (vibrational frequency) in the ground were those of Marmet, Kerwin and some others.
state, so that collisions with ground state molecules
are not capable of giving vibrational relaxation. DIL PHELPS: I think there are two sets of experi-

ments on each side of the fence right now.
Another thing that is essential for practical reasons
is that this electronic state be metastable. Other- DR. MULLER: Which showed a very nice curve with
wise the radiative relaxation back to the ground breaks actually in it, as you would expect from the
state, being at a very high frequency, will be fast Franck-Condon principle. Briglia and Rapphave a
and you will never be able to get any large popula- curve which extrapolates, which does not bend and it
tion in this excited electronic state, is quite convincing. I have seen a lot of detail on

their work. It has ox..y a very tiny bend over here
This means that the excited state has to be either a corresponding to what yc~u expect of the energy
metastable state, or it can be an ionized state. The spread and it seems fairly convincing here.
advantage of an ionized state in addition to this is Also there are some data on photon invasion which I
that typically ionized states have larger vibrational can find the reference somewhere among the papers
dipole movements, particularly when they are not here--
ionic molecules. II they are asymmetrical cova-
lently bound molecules then if they have a netcharge DR. PF1 2LPS: That is all right, I have It.
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DR. MULLER: Which also indicate that in the photo exciting tho ionic ground state is to excite the vibra-
ionization experiments, the Franck- ondon prLiciple tional grnund state, too.
of course is satisfied, but there, a many other DR. BEHRINGER: If there is no further discussion
states involved and this mepns t1Wat the net effect on we will adjourn.

FRANCK (ONDON PUMPING 0•" VIBRATIONAL ENERGY LEVELS
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MODERATOR - PROF. SOULES: The first speaker (iw = 1.78ev). The radiative recombination emis-
this morning will be Rubin Braunstein of UCLA, sion from exciton and -anpurl•y levels subsequent to
formerly of RCA I iboratories. Rubin has been thesimoultaneousabsorption of two-quanitaofui=13.78ev
getting started on cumpus so I don't know whether he wvg observed as a function of laser intensity and
is going to describe the work he has already done compared to the emission excitied by single-quanta
there, or th( work he did at RCA, or a little of both. absorption for photon energies of Tiw 7 Eg. It was

foqtnd that the intensity of the recombination radiationi• prop~ortioiial to In for s.2ngle quanta excitation and
PROF. BRAUNSTEIN: The work I shall discuss this p0tn fozr double-qnatfa excitation- Where 1o is the ex-
morning represents primarily, the results that were IO for Intensitan d t n is the fo-excue at ph C aoaois u hl anso on citation intensity and n Is a• constant which differs for'
executed at the RCA laboratories, but shall also con- different groups ot emission linei. The observed
lain somne work in progress at UCLA. cross-section of dZouble quanta excitation compared

The major aim (,I' this program was a udy uf the favorably with thecry utilizing the band parameters

inte-actlons of intense coherent optleal rad~ation of CdS. These results were published as an article

with solids. Specifically, the interest was q studs in the Physical "'eview.

Cf experimental cross-sections for double-photon Because of our !;uccess in observing the double-photcn
absorption, harmonic generation, and frequency- absorption inCdS and obtaining reasonable agreement
mixing in semiconductors and to compare experi- with theory, it was decided to consider this process
mental results with theory. The semic'nducturs of in the IIl-V semiconductors as well. The theory
the groups III-V and 1I-VI compounds wer, selected developed for ,the double-photon process in CdS uti-
for this study since reasonable predictiops can be lized a three-band model for the band structure of
made regarding the strengths of these interactions this substance. However, the double-photon absorp-
utilizing the known band structure of these solids. tion cross-section can easily be obtained, using a
The linear, or single-photon interactions are reason- two-band model, employing a single valence and con-
ably well understood in these materials so as to pro- duction band. This double-photon calculation utilizing
vide the major band structure parameters which can the simpler band structure model, reveals simple
be used tu estimate the high order intensity dependent generalizations regarding the underlying parameters
processes involving multiple-photon transitions via which determine the double-quanta absorption cross-
virtual states. section which applied to all the III-V compounds. This

calculation enables one to set a lower bound to the
absorption cross -sectionwhile requiring a knowledge

We shall discuss the accompli.shments to date of this of very few band structure parameters. The theoret-
program and indicate the future directions this work cial development is essentially similar to that pre-
can take as a consequence of these accomplishments. viously given for CdS except that it utilizes an allowed
The results of a study of double-photoxn absorp'lon, intra-band optical matrix element for one of the
harmonic generation, and frequency-mixing in semi- virtual transitions.
conductors, and the fiiquency tuning of injection
lasers by uniaxial stress will be reported. The results of this calaunation appliedL to, IIi!V 1 . .

compounds is shown in Slide 1. The double-photon
absorption cross-section a 2 is given in terms of

We shall first discuss the work on optical double- tc, E,,, where ric and civ are the inverse effective
photon absorption in semiconductors, An Intrinsic mass ratios for electrons and hules respectively and
semiconductor normally does not exhibit any optical E is the energy gap. The numerical term in this
absorption capable of producing electron-hole pairs e4 buation contains all the constant terms as well as
for incident photon Pnergies less than the onergy gapl, the inter-band momentum matrixelement I P,, 1
However, *for sufficiently high incident intensities of i vo which has been shown to be the same for
photons whose energy is less than the band gap, the all the Ill-V compounds. In addition, the intra-band
multiple-photon excitation of a valence electron to matrix element of zeroth order in k has been ex-
the conduction band can take place and consequently, pressed in terms of the group ýelocity times the free
in principle, a perfectly transparent semiconductor electron mass. We have also assumed that the energy
does not exist, bands are spherical and parabolic.

CdS was chosen for experimental study of the double- In order to evaluate a 2 for aparticular substance, a
photon absorption. This selection was made primarily knowledge of a , ci , E is required. It can be shown
because the single-photon absorption process has using k - p periuriati n theory to calculate the band
been extensively studied In this substance and it was structure of these semiLonductors, that the valence

therefore possible t0 compare double- and single- and conduction band effective masses at k = 0 can be
photon absorption on the same crystal. One can uti- adequately accounted for by assuming that the inter-
lize •he band structure parameters determined from b'nd momentum matrix element IPvc 12 is constant
the single-photon absorption measurements to esti- for a'l the I-V compounds and is given by I Pvc 2
mate the double-photon absorption coefficients, The 11. 5 evwn. The conduction band Inverse effective
theory developed fur this process in CdS r- - a~so be masses ac expressed in terms of the momentum
readily applied to other III-V and Il-VI compounds. matrix element is also given in Slide 1 (on the top
In addition, similar perturbation theory calculations right). The explicit values'for the double-photon
for the three- ano four-photon processes, that is, absorption cross-sections for some representative
second-liarmonlc generation and tripling can also compounds are also given in Slide 1, I, the table of
readily be cast in a form that takes account of -ie values, where we have assumed that the heavy-hole
band structure parameters of these sub.Aances. Inverse effective mass ratio civ Is equal to one and

have used the values of a. calculated from theoretical
Observations were made of the two-photon excitation expression on the zlide The spin..orbitsplittinh s A
of an electron from the valence band to the conduction have been inserted jsinig experimental values for this

band In CdS (Eg = 2. 5ev) using a pulsed ruby laser parameter.
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2 Photon Absorption in Semiconductors

., 3.6 x 100 C.1 1 = +Z~ [20 1.
ýac av) b/2  E0 5/ 2  T 3 [Eg 9 +i L

iGiAs mIn In~ls InSb

a 2 -cm sesc 2.8 x 10 3.7 x 10"~ 4.0 x o"0 1.4i X1

L -ov 1.53 1.34 0.45 V.25

ac13.3 1S.2 38.5 65.5

V0.33 0.24 0.43 0.84

2 - Photon Dis~crete Trans.

5.1 1t -4 ~2 f=I E -

02 =
2 f = fo L Ag g

9 n= n ide,,

It call IX seen in this table thkt the dlouibiI0-photoli ab-- 111Aiden fLIx. That is, the Ifletinse- for~ reombimistion
sorption cruss-sectiojis increase as the band gap of to the ,,round state is extremely fast. Foraplainpar-
the solid cdeeYases. The characteristic feature that allel slab of thickness r and neglect~ing reflection
the optical double -photon absorption cross-section losses, the t~ansinission is obtained by integrating
increases as the band gap of the solid tdecreases, is this eqtaation, the results are shown in Slide 2. Also
niot limited to the case of a band-to -band transition are shiuwvn similar results for spherical and cylimidri-
li, a semiconductor but comesh from ihe frequency fac - cal geometries, considering in these cases only quad-
tors In the optfical matrix elements. 'Ibis result is ratic losses takingplace. We see that for high incident
also obtained In thre case of double-photon absorption intensities the transm~ission ultimately saturates for
between d~iscrete levels and non-linear absorption all geometries.
cross-section for such a process is also given in the
bottom 01 Slide 1. In this equation ns is itrefra(ted Tvansmission with Qbmamratic Loss
indlex, All1 I, is the width of thre real excited state at2
2,Eg and f is thre [-number for the transition. Inl the a1 I oN I 2 N2F
derivations of the above double-quanta absorptlionin:PP 1I
cross-setion, la was explicitly assumed time absorp- ln:l/ a1 r
Lion occurs by a single intermediate state Which all'nvs exp (o1 N~r) [a ,Nlr + 02 N 2rFI o aN rF~
coupling between the Initial and final states. In faict,22
It is necess'iry to sum overall possible Intermediate V- 02 N F 2
states. Consequtently, these calculations represent a
lower bourid for thre double-photon aibsorptiona cross- ,,Ph,,- F/i' 1
sectionms. ia:a2 N2 2- 2 r

Lot us now t".rn our attention to the transmission laws r, r 2
uhY'vedlmy iledium within %,]ich a ivisear andla quadratic0
loss process can simultaneously take placOi. In the ilyl in- F/h' I
steady statn, the transmitted flux through such a me- drical: 0 G' rI' 1r + r a rIn
diuni is given oy Uie continuity equatit scn on top of 2 0 - 2 a2 r 0 n 0
Slide 2. Where 01 is the linnar absorption cross -section r 0
in uWilts of cm2 , a p is the absorption cros8SeOtion for 1 -ci

quadratic loss pro ,cess in units of u-mi sec, and N1, 01-C
anid N2 are thme densities of cemite -. responsible for thle -c

4sc
linear and quadratic loss process~j, respectively and 2 -Cr e
F Is OreC flux per unit area in photons/cm 2 gec. We2
have assunmed that N, and N~are Independent of F - Photons/cm 2 sec
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Transmission law for a medium with linear and quadratic losses simultcineously present.

Slide 3 shows a plot of the absorption A = 1 - T for for tie parameter a 2 N2-k - 'o for a number of othe:"
plain geometry for a medium having linear and quad- c1ses such as glass, impurities in calcium fluoride,
ratic loss processes simultaneously present. When and the case of transmission through an oxygen at-
the parameter ` 2 N2 X Fo >1, the quadratic loss mosphere. From the equation shown in Slide 3, we
process becomes the dominant absorption process, see that under these conditions, in g90piuin arsoeide
and in fact the me-d-umnl utipia•ey hbecomes opaq•u. where dihie-photu absnrption can take place, they
These results show that there is an intrinsic upper can make a reasonable con.ribution to the loss proc-
limp to the flux density which can be transnhtted esses within thle gallium rsepnide laser. Even if an
through a medium that has a nonlinear absorption electron-hole pair created by double-photon absorp-
process taking place. It shnuld be further noted that tion subsequently recombines and is re-emitted as a
it is only the linear absorption process that yields an photon, til double photon absorption process willttll
exponential fall-off of intensity with distance and is set an intrinsic upper limit to the output power since
independent of intensity while the quadratic and higher two quanta will be annihilated to produce one subse-
order processes will fall-off inversely prolprtional lor quentli re-emnitted quniltun.
the distance and intensity.

If a focuted lhigh-power 4aser is incident upon an os-
although the double-photon absorption cross-sect ins tensioly trr.parent substance such as optical quality
appear to be relatively small, stnce the absorp lJn calciuma fluu-Ide or any other optical qualAy material,
cross-section for this process depends upon thp 'adc- it Is usually fowtd I';, most substances tend to be
dent Intensity, at hgigh flux densities tV09 proce.W', can ,unctured at power levels of approximately 109 watts!
constitute a major dissipative mechanism when cm 2 . When one normally examiws the.ce materhdls
operative, by measuzivg absorption at low power levels very

little absorption is found, Disptte the fact that the
It is of interest to consider the possible effects of band gap of these materials may be far greater than
double-quanta transitions on the power output ,0t in- twice the hlnldent photon energies so that a double
jection lasers, in particular, that of gallium arsmnide. quanta absorptioti process is no.. aV uwed between bands,
Although the power output presently available Irom It may be possible to have multiple-quanta processes
such devices is relatively small compared wiit that of taking place between i,,purity 1(c, els. If one considers
optically pumped lasers, injection lasers are relatively a typical exalmple of a case of calcium fluoride, one
small area devices so the flux per area is still quite findE that one (tan have a distribution of impurity
high at the emitting junctions. Furthermore, the levels at concritrations of 10l 1 8/cm 3 due to various
emitted frequencies lie slightly below the band-gap, rare earth impurities. A reasonable estimate of the
satisfying the threshold conditions for double-quanta double-photon absorption cross section for the ruby
absorptio l. Power densities of the order of 10't, line can be made by superimposing the energy levels
walIts/cm 2 can be realized for conventional diodes, uf the various impurities and using appropriate aver-
it one considers a diode of 0. 1 cm length with the ages of the osciilator strengths and the half-widths of
above power densities and one employs the lower- the excited states at twice the laser frequency. The
botund double-oihoton absorption cross-sections pre- resulting croor -sections a2 yield values of 10- 4 9 cm 4

viously given fo, gallium arsacide, one obtains ior the sec. For incident power of 10+v watts/cm 2 and a
parameter a2 . N2 . X. Fo -3. 10-2. These results are 1-cm-thick slab, the parameter aN2X. FN 10-
shown in the bottonw 3f Slide 4, together with values This result is shown on the bottom of"lide 4.
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Nonlinear Absorption

AeXpTOINIX) (a'Nlx 7 o2N -o) . 2N2xF

If 01N x 2o2NxF oI = ca2

4 3A = I I o 02 = ci4 sec N H/cm3

P = photons/cm=sec

GaAs - o2N2xFo a (3 x 10 49 ).(10 2 2 )-(10"1),(1026 "3 x 10- 2

Glass - = (10 5 0)-(10 22 ).0028)- I

Imp. •n CaF 2 " = (10"49 ).(101is)*(1).(10 28 )- i0-3

lip =n (10- -0'. 18 S 28
02 " = C10- 0 ).(1018).( 10S).(1028 ) 10

Linear absorption due to scattering from optical im- absorption can take place via the Schumann-
periL ctions or residual impurities normally yield values Runge bands. From the observed half-widths and :he
of aFl N1 . X < 10-3 lur optical ouality calcium fluoride. oscillator strengths of these bands the cro~s section
Consequently, the nor..al linear scattering p.-ocesses a 2 can be estimated to be of the order of 10-5 0cm 4 sec;
cannot account for the dissipation, while the double- cons, quently as we see in this Slide 4. a,, N2 'X. Fo -10.
quanta absorption due to impurities can be responsible We see from the curve in Slide 3 that ti. transmission
for a reasonable amount of power absoibed from an of such a beam will saturate. Similar considerations
incident laser beam. will apply whenever one uses any optical window in an

atmosphere where t.-are is a state available at twice the
In calculating the propagation of a laser beam through frequency cf the window so that the double photon ab-
a gaseous atmosphere one normally utilizes the linear sorption can take place.
absorption coeffic lent of. he appropriate optical window
to deterhine Utie opticat losses, However, if Care is Uip[tiiihow, we have considereedr thprojpagattion Iawti -
not taken so that ;m, statrs exis•t at twice the laser fre- a medium inwLich both linear and quadratic loss proc-
quency to which double-cluanta absorption can take .lace, esses can take place which involve a single frequency.
there is an intrinsic limitto the power that can be trans- If we extend the treatment to the case where wo,- have
mitted through such an atmosphere. Let us consider two different frequencies which can undergo singularly
the cr.se of a laser beam of photon energy TW - 3. lev linear loss, or together, undergo double photon absorp-
and a flux density of the 10+9 watts. cm propagated tion, we arrivc at a corpled pair of nonlinear differ-
through a kilometer path length of 02 at standard pres- ential equations of the Volterra type which are sho-wn
sure and tempe:ruture. For such a beam, double-photon at the bottom of Slide 5. Although ' is necessaryti,

+0",-02,+"3,0" -- ,--, o--"

F2 Fp+• "°9 '2, 0o3, "•4

0-Fi -

0"3 / 04 F1 Fi

dFI /dz O- NFI + O'2 NFI F2

dFf /dx - 0"3NF 2 + c"4NFIF 2 ,
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solve these equations numevrically for any particular second harmonic of given incident frequency. By corn-
condition, we can obtain "ne general features of the paring the measured harmonic cross sections a 2 w or,
solutions by plotting SO,- of tile phase trajectories, as we have done in this work, the nontlinear suscepti -
For the signs of the coefficients al, a 2 , a3 and a4 bilities X1 4 of severalIII-V compounds havingdiffer-
indicated in Figure 5, regardless of what ihe initial ent band structure parameters, we sought to identify
intensities of either of the two photon beams are, one the pertinent parameters responsible for these
will ultimately prevail at the expense of the other, as coefficients.
can be seen from the two "ndieated gaphs. However,
if one of the quadratic coefficients a 2 or a 3 is positive, In this stur', we observed the qecond harmonic of an
that is, if we have a double-quanta stimulated emission incident Nd5ý laser generaten ,t 5300 A (2.34 eV) in
process taking place, there are a series of stable single crystals of indium phosphide, gallium arsenide,
pe-iodic solutions possibl," for these equations such aluminum ar timonide and gallium phosphide. Our
that at a given distance one beam has a maximum of work on indium phosphide and aluminum antimonide
intensity while the other has a minimum. At a ar- is the first reported on these materials. Since the
ther distance through the medium the intensities re- band gaps of these compounds range from 1. 24 eV
verse; the results repeat as a function of distance. to 2. 24 eV while tile energy of the exciting photons
It should be noted, although the double photon absorp- was 1.17 eV, we were dealing with a case where tile
tion cross-sections might be considerad small, the second harmonic was completely absorbed within a
absorption coefficient for this process is proportional fraction of a wavelength after generation, while the
to the length of path and the intensity. Although we exciting radiation suffered negligible attenuation.
have considered these processes in cases where we The emitted harmonic could be obseived either in
have ilad high intensity lasers present, there are a reelection or transmission. In tie former, the har-
number of astronomical cases where exceedingly long monic is generated at the incident surface and is
paths are involved such as in the case of planetary emitted as a reflet."a- beam. In tile latter, the only
nebula or propagation through inter-stellar hvdrngen harmonic radiation leaving the material i" generated
where some of these nonlinearities mivnl' manifesL at the exit surface since that produced in he bulk is
themselves, completely absorbed; we employed the transmission

method.
We shall next consider some work on harmonic genera-
tion in the III-V compounds. Substantial second harmonic generationwas observed

in the above compounds. This radiationwas generated
The III-V compounds comprise a group of materials at zhe exit bases of the single crystal specimens by
whose band ntructure and related parameters are well excitation using a Q-switched Nd3+ glass laser. The
known. Consequently, they are amenable to calcula- dependence of the harm, iic intensity onboth the polar-
tion of the cross-section for various nonlinear proc- ization of exciting and armonic radiaticn as well as
esses. We have previously considered the two-photon the crystal orientations evas studied and found to agree
absorption cross sections of these materials. Since withtile predicted beha tor within experimentalerrors.
thesL materials, in addition, lack a center of inver- The results of these stu .es yieldingthe initensit'ies of
s.i:n Lpnrincinleo on.e should- be able -to generate tle - the doe•0•Ticeuits is show n in Salde 6.

MIV.-ISURrD INTrIA'M3TlII AND CALCULATED SMIICEPTIUILITIES

InP G#As AISb GoP

2.2 + .4 volts 22 * 2 .olt.4 1.1 + 0.7 volts 3.8 1 l volts

f KDP 22 4 " 22 4 " 21 3 " 20 2

( 12-I my 23 + 3 my 12 6 6my 9 2nv

1 o 0± 4 " 40±4 28 4 6 " 36 2

X'4 l.06x10"(' esu (130%) 1.2Ixl10"esu (- 30%) 0.31x1O"' esu (t-75%) 0.26xi0" 6 est(+3.%)

14 0..76 " 1.07 " 0.25 " .' "

"XD - t.20 " (U50%) -

14 . 0.87 -

1.4 - 1.53 " f±507) - 0.25 (o50%)

+ Peak intensities as measured on oscilloscope w.ith 10 kU load.
- Ref. N. Bloembergen, R. K. Chang, J. Ducuing, P. Lallemand (presentcd at Semiconductor Physike Canter,.

Paris, 1964).
"Ref. M. Garfinket, W. E. Engeler, App. Phys. Lett, 3, 178 (1963)
(Note: Authors erroneously give value of 2.6X10(T esu; using their data and formula, we obtained 0.87x I(Tb esu).
"Ref. R. A. Soref. I1. W, Moos, . Arp. Phys. 35, 2152 (1964).
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Ai examination of the nonlinear susceptibilities of PROF. BRAUNSTEIN: Yes.
seven of the III-V compounds studied so far shows the
absolute value of X for Nd 3 + excitation lies between We shall next consider some work on frequency mix-
0. 2xlO- 6 esu and 1. xl0-6esu. This compares with ing in semiconductors. Magneto- and electro-optic
the value 3xI0- 9esu for KDP which is about the strong- effects have usually been studied where tne E- and Hl-
est harmonic generator among ionic crystals. This fields are statically applied and an incident radiation
150- 400-fold increase in X has been shown to be due field merely causes electronic transitions between
mainly to the resonance between the harmonic andthe levels. In semiconductors and insulators, the intrin-
conduction bands. In the case of ionic crystals this sic absorption edges are observed to be displaced by
does not occur for excitation by frequencies as low as the application of static E-fields of approximately
those produced by the Nd3+ and ruby lasers. 10+Sv/cm. The electronic nature of these effects

would indicate that if high optical E-fields were inci-
Since the harmonics are generated within a fraction of dent upon a semiconductor, the radiation field could
a wavc length of the exit base one might expect that cause a mixing of levels as well as electronic transi-
their intensities are very sensitive to chemical treat- tions between levels with the consequence that the real
ment of the surfaces. In addition, one might expect and imaginary parts of the absorption could respond
mechanical operations, like polishing, would p:oduce to the different frequencies due to the presence of two
lattice distortions at the surface which would result optical frequencies incident in the neighborhood of the
in several crystallographic planes contributing s imul- absorption edge of the semiconduct or. The possibility
tenecusly to the harmonic intensity. This would show of observing such nonlinearities was discussed by us
up as a non-vanishing wininimum in the orientational in a previous publication.
dependence of the harmonics, In our experiments, wE
e:-countered bot, .f these effects. We investigated the While instrumentation was being assembled to study
effects of various polishings and etchings of the har- this type of nonlinear interaction, observations of op-
monic intensity. For the incident intensity measure- tical frequency mixing in bulk CdSe war eeported by
ments used in determining '4l4, we chose the surface Pantel and co-workers at Stanford. In these experi-
treatments whicn gave both tne maximum emission and ments, the axial modes of a ruby laser were mixed to
a zero, ,r almost zero, at the sample orientations obtain n'.crowave power in the 1 to 5 Gc,'sec region.
where it should vanish. Both faces of all crystals T't . oserved frequency-mixing could possible be in-
were polished with fine carborundum prior to etching. terpreted as a manifestation of thz previously proposed
These results indicate that in principle one might uti- nonlinear inter-band effect. However, since the axial
lize second harmonic generation as a means of c rystal- modes overlapped the band gap, the resultant carrier
lographically orienting single crystal specimens of generation rate could be modulated at the difference
substances wiere harmonic generation can take placet frequency and the application of a constant electric

field, could cause microwave power to be tadiated.
Extensiv, measurements of optical second harmonic Consequently, the observed effect could be interpreted
generation and the linear electro-optic effect have in terms of a photo-conductive mechanism rather than
been performed to-date on ionic and inorganic crystals. in terms of a nonlinear inter-band effect as we had
We have, in turn, now observed similar results onan previously predicted.
organic molecular crystal, hexaminewhich has crystal
S•nlnletrv .(143m), Thp nn-linena. sliscentihili•yh a, fH.B.fht phnfn ng a. d t.h 4 I.ntzx- an : ... -f
determincd: X1 4 = 30 x 10 9 esu for hexamine as com- fects would have some features in common, such as
pared to 3 x 10-% for KDP. Electro-optic coefficient it would be necessary to apply an external bias field
of hexamine is 12. 6 x 10-8 esu. From the theoretical to observe the difference frequencies. However, the
relationship relating the electro-optic coefficient and power produced by the photo-conductive interaction
the second harmonic coefficient, it was possible to would be sensitive to the mobilities and the lifetimes
conclude that the electro-optic effect in the cubic of the generated carri,.-.s, while the nonlinear inter-
crystal, hexamine, is predominantly electronic, band effect would be insensitive to these parameters.

In addition, tte latter interaction is expected to be
Aside from the semiconductors and insulators whose relatively independenit of the frequency difference be-
crystal structure lack a center of inversion and con- tween the two incident monochromatic beams while
sequently have the necessary condition for second the photo-mixing process would be markedly frequency
harmonic generation, there are a number of metals dependent. Tounderstand the mechanism responsible

with point groups which would indicate that they should for the frequency-mixing in CdSe, these ob)servatio,,s
also be piezoelectric. However, it would be exti emely were repeated and extended to Ge, GaAs, and Si, using
difficult to try t- ineasure their dc piezoelectric a rub. and a Nd laser with each of these substances.
coefficients. If, however, one could generate a sec- Since these different laser sources overlapped appre-
ond harmonic from thesL metals, a measurement of ciably different regions ofthe band edge, a nonlinear
the nonlinear susceptibility would e.nnble one to infer band effect would yield differences in microwave out-
the dc piezoelectric coefficients. An example of a put for each source while a phuto-conductor mecha-
potential piezoelectric metal is the a-phase of man- nism would yield little difference.
ganese which has symmetry 43m and consequently,
only one piezoelectric coefficient. It was difficult to The results obtained from these measaremen'- sub-
obtain large, single crystals of a-manganese to ob- stantiates the interpretation that the observed effects
tain goo( measurements of the angular dependence were due to photo-.conductive mixing and not to any
of the second harmonic generation and hence, agood nonlinear effects associated with the shift of the ab-
measurement of the nonlinear susceptibility. Attempts sorption edges of these substances.
are being made to obtain large enough crystals for
these measure)ments. The experimental results of the mixing of the axial

modes of a ruby or a Nd laser in CdSe, Si, Ge, and
PROF. SCHAWLOW: Were these measurements done GaAs have the common feature that the microwave
in rellection? output power is proportional to the square of the
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incident rptical intensity and the square of the bias due to the great sensitivity of microwave measuring
field and the mobility squared and is inversely pro- techniques.
portional to the square of the difference frequency.
However, the absolute yields of the microwave power We shall now consider some of the results we have ob-
for a given optical power, bias and frequency vary tained in the frequency tuning of injection lasers by
from substance to substance. These observations uniaxial stress, specifically, the work we have done
are in qualitative agreement with the theory for on gallium arsenide. In manyapplications of injection
photo-mixing, lasers, it becomes desirable to have a means of vary-

ing the frequency. Such control will be necessary if
Slide 7 shows the results obtained for the mixing of diodes are to be used in such applications requiring
"the axial modes of a ruby laser on silicon. The in- frequency tuning, stabilization, or modulation. The
creasing signal by a factor of 400 for silicon in going energy levels and consequently the emission frequencies
from 300'K to 78°K can be understood on the basis of a solid can be changed by uniaxial stress. The use
that the mobilities increase by a factor of 10 for this of uniaxial stress has advantages over other methods
temperature difference. The influence of minority of changing the frequency or the band gap such as hy-
carrier mobility in determining the absolute values drostatic pressure, magnetic fields in that the auxiliary
oi signals seems further substantiated by the satura- equipment, can be made simple and small. In addition,
tion effects observed for silicon in Slide 7. At high the application of uniaxial stress to semiconductors
fields, one notices the output power appears to satu- generally splits energy levels which are degenerate in
rate at bias fields of 1, 000 v/cm, where it is known the absence of stress and so can be used as a means
that the drift velocities tend to saturate. Similar re- of identifying recombination mechanisms.
suits were obtained for Ge. We have studied the effect of uniaxial stress on the

frequency spectrum of spontaneous and stimulated light
T2 _emitted from gallium arsenide laser diodes, and have
0 - 'obtained preliminary informatirn of the nature of the

electronic transitions responsible for the emission in
such diodes. In particular, different emission proc-
esses seems to be taking place in diodes made from

T- ?4'K different materials.

The experiment arrangement used in these studies ist ~shown in Slide 8, as well as is shown Uile crYstallo-

graphic orientations of the diodes used. The com-
/ pression was applied pependicular to the plane of the

/ junction which is a (100) plane. Other orientations
would give additional information but suitable diodes

/ were not available. The diodes were in the iorm ofI14 / parllelopipeds with dimensions of 0. 6 x 0. 16 x 0. 10
mm and had cleaved sides•.

S / The result. for coherent emission varied Zrom diode
> // ,to diode since they depend on both the changes in the

p'" emitting transitions as well as on changes of the res-

ST-300K onant cavity. The interpretation of the data is there-
45 00$ - fore more complicated since it requires theknowledge

p •of individual cavity modes. We, therefore, also
/ studies the incoherent light emission which should only

/ depend on the electronic transitions involved and not
Uupon the cavity modes. The results are shown on

RUDBFF. F•- WIT $1 Slide 9whereweseeashift of the frequency asa fune-
d tion of uniaxial compression for three different diodes.

6 1It is clear that the three diodes which were made in
different ways show very different behavior. The

/ frequency of A increases linearly with stress. B and
C show saturation and even negative changes. Other

Sdiodes made the same way as A, B or C do reproduce
/ respective curves.

!00 I03 The above measurements were made by employing a
BIAS - (VOLTS) mechanical structure whereby a compressional force

through a rod and piston arrangement was applied to
Microwave power from Si with ruby laser vs. the diodes which were immersed In the bottom of a

bias at 3000K and 78°K. liquid nitrogen dewar. Because of a certain amount
of unavoidable friction between the piston and the re-
taining cylinder there is uncertainty of approximately

This dependence of the microwave difference frequency 20% in the stress values, which led to a scatter in the
on the mobility can be ut.ed to determine the mobilities data -nd consequently an uncertainty in frequency. In
in extremely low mobility materials such as phalacya- order to obtain more detailed measurements to eluci-
nide where it hlas been extremely difficult to measure date the nature of the optical transition as well as to
mobilities by conventional transport means. The ad- give a finer frequency control, more refined stress
vantage of the frequency mixing technique is mainly equipment was designed and tested.
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Experimental arrangement for the compression measurements;

the crystallographic orientation of the GaAs diodes used is
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Shift of the incoherent emission line from three typical GoAs diodes
with uniaxi A compression stress at 780 K. The indicated spread of
the individual daoi points represents the variation of the results of
all the measurements made at a given stress.
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Schematic diagram of uniaxial stress. apperatus

O.ie structure comprised a piezoelectric crystal in a In general, the measurements of double-photon absorp-
laser diode clamped together enabling the force to be tion would be of value in that they also yield the stimu-
applied by electrical means. This structure allowed lated emission cross-sections in possible double-photon
a fine control of the frequency of the laser diode by laser systems.
remote control. In order to measure the resulting The further exploration of tie use of photo-conductive
stress, another piezoelectric element was included frequency mixing as ameans of determining mobilities
between anvils containing the diode and stressing where it is difficult to measure small mobilities by
crystal. Although the above structure performed conventional transport techniques, seems also worthy - -satisfactrily at low stress values, it could not be ,.further acti'i,
used at hiih sftr-esses.- .... te.....

Since we have shown that the uniaxial stess will shiftA structure emlloying helium exchange gas as the the frequency of a gallium arsenide laF.-r by a substan-
stress transfer medium was finally designed and testod tial amount, we expect other injection lasers to show
which yielded satisfactory results, In this arrange- similar shifts since the deformation potentials of most
ment, which is shown on Slide 10, the stress is ap- materials are of the same order of magnitude.
plied to the diode by a piston-like arrangement which
coworises a thin copper membrane under hydrostatic PROF. SOULES: Ilow fastdoes the convergence occur
pressure, Extremely fine control of the stress is when you sum over the virtual processes in a solid
possible by control of the gas pressure from a tank material? Do-you have problems with electrodynamic
external to the laser dewar. divergencies?

To summarize the results of this program: We have PROF. BRAUNSTEIN: No. The sums converge quite
shown that in the Ill-V semiconducting compounds the rapidly when properly done. rhe domirnnt contribution
general features el double photon absorption, harmonic to the transition probability results from intermediate
generation, photo-conductive frequency-mixing and fre- states which lie closest to the final conduction band.
quency tuniing of injection lasers by unlaxial stress can MR. WHITE: In the case of a structure using a piezo-
be understood in terms of the band structure of these electric crystaland laser diode clamped together, what
materials, limits how high a frequency you can modulate or shift

frequency?
The fact that a double photon absorption can set intrin-
sic upper limit tothe power density that can be trans- PROF. BRAUNSTEIN: In such a structure, the load-
mitted through media where the mechanism is operative ing of the transducer by the laser diode ar.d the mis-
warrants further measurements to obtain accurate alignment of the lamping anvil with the diode surface
cross-sections for this process. Measurements of limits the magnitude of the frequency snift as well as
double-photon absorption in the III-V compounds as the upper limit of the frequency response. It should
well as other semiconductors '.ould be of importance be possible to frequency modulate at rates of up to
since they would have a bearint' on the upper limit to I mc/sec with practical structures. Howc-ver, a
the power obtainable from injection lasers made from logical extension of the idea of piezoelectric tuning
these materials. Ii the case of gaseous atmospheres, would be to prepare epitaxially a laser junction on
such measurements also would bl. of importance when- the base of intrinsic gallium arsenide or other piezo-
ever one uses an optical window for transmission where electric material which would serve as the transducer.
there is a state available at twice the frequency of the Ii this manner, it should be possible to appreciably ex-
window so thatcdouble-photon absorption can take place, tend the frequency response of such tuning means.
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PROF. SOULES: Our next speaker is Dr. Y. R. Shen Dr. Wang has recently achieved optical parametric
of the University of California at Berkeley, who was amplification and he is going to talk about this. Here,
associated with Professor Bloembergen at Harvard, in a .¢ightly modified sense, we do have only an op-
and I understand that now it's the other way around, tical frequency converter, if we replace one of the
at least temporarily. EM waves here by the optical phonon waves. This is

the case of stimulated Ranan scattering.
PROF. Y. R. SHEN: I would like to introduce the
(multimode effect in the stimulated Raman scattering). The next slide gives me a set of coupled wave equa-
First I think I should review briefly on the coupled tions with a vibrational wave replacing an EM wave.
wave theory. The stimulated Raman and Brillouin Again the solution indicates that the stokes wave and
scattering, parametric amplification, and some other the vibrational wave will go together in coupled modes.
problems can be described in a united point of view by In the particular case when the vibrational wave is
the coupled wave theory. highly damped, the solution reduces to the results

given by the isolated molecular model, since then the
Let us consider first, thre.ý electromagnetic waves at phonon wave is essentially localized.
different frequencies.

Could I have the first slide? 2 es a2 4lis2

COUPLING OF THREE WAVES V2E s - 2 E = XE QS C2 Ot 2 " s C= 2 A•v*
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C2 E 2 C E E 2 2 ÷ 2 2 + i&,2F) Q* =X E*E

4,2

V2 E Es = NL * E s s exp i (ks., -Y(st)
s C-2  6 t2 -- T EE

Qv v exp, i (kv. Y -11v t)

2'E C2  2 i---X EC ' E X 5 Gain - k lin kV2 i C-'2-49t2 C 2 - Is - v

"The next slide shows the energy and momentum
k k + matching conditions, wl wL + W v and kl= k + kv

SS lThe horizontal line is the optical phonon dispersion
curve. The dotted lines are given by the linear mo-

w +mentum matching combinations for the forward scat-a•t, 9 tering and the backward scattering. The cross points

In linear media, the coupling terms vanish and the R1 and R2 correspond to linear energy and momentum
three waves propagate independently. In nonlinear matching, where the coupling is close to maximum.

media however, because of these nonlinear coupling In principle, Raman and Brillouin effects can be de-

terms, they propagate in the coupled modes. The scribed exactly in the same way except that the dis-

coupling is the strongest when momentum and energy persion curves of optical phonons and acoustic phonons

matching conditions are satisfied. The coupling con- are different. In the Brillouin case, it is a straight

stants can be calculated in the usual way from the line passing through the origin. However, in the
Interaction Hamiltonian, ar*ý'are proportional. to the Brillouin scattrring, thranscient effects may set in,
scattering matrix element with one photon coming in if the laser pulse is short and the pbonons are not
scatteringphotremn coming i. highly damped. We have figured out ways to find
and two photons coming out. whether the transient effect is important. The ex-

For those who believe only quantum-mechanics, I periment will be done at Harvard. Also an the same

should say that this kind of description can be justified language, we can talk about light coupling with spin

completely by quantum-mechanics. The total Hainil- waves. We just replace the optical phonon wave by
tonian is H Ho + Hrad + HintIf we take t.e ~the spin waves. The dispersion curve of the spint n a is 1 a t m,+, , a + Hint , f w t k h w aves is (,) -a + bk2. A gain l n this c ase nm any inter-
matrix elements over the atomic coordinates, then we estis e appeak . Agai it can y int
are left with a reduced Hamiltonian, which can be de- esting problems appear. Also we can talk aboutlight
scribed in terms of annihilation and creation photon coupling with plasmon waves. Here, the optica soperators. When the number of photons [s large, r phonon wave is replaced by 'die plasmon w~ves. This

peratore .d ling wthe Gnubers cfphotoeree starte, we rjust shows that all these problems can be describedwe are dealing with Glauber's coherence states, we

are essentialy back to the classical wave description, in a general way by the coupled wave approach.

Now we want to show how coupling between laser and
To solve this set of nonlinear coupled equations, the stokes modes may give some interesting effects in
simplest way is to linearize it. We'll assume that one the stimulated Raman scattering. Consider twolasers
wave is the pumping field that remains essentially modes at the same frequency but propagating in
constant. Then we are left with a set of two linear slightly different directions. Momentum matching
coupled wave equations for the remaining two waves, condition shows that the stokes radiations in two spe-
and the solution shows that the waves propagate in cial directions are coupled together and therefore
coupled modes. This is the case of parametric am- have different gain coefficients than the stokes radi-
plification or frequency conversion. 1 understand that ations in other directions.
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The next slide please. the wave vector space. The intensity distribution of
,the laser radiation in this cross-section can be cal-

dE culated from the two dimensional random-walk prob-
_ýiz 8 C • JEIJ . CEI E/Es lem. It!s given by W(Ij) I exp (- I1/0

Therefore, some filaments may have higher intensi-
dE I '2 ties than other filaments. The stokes gain will have-- f E" {CIJE1 + E

=CEE/ Es +CE + E the same distribution as the laser intensity. If sat-dz E s uration is neglected, the stokes generation in the ith

C =(2 irw 2sC2 k Xs filament is gjjven by Es_ - Esi(o) exp (gsi z) (where
s o) gsi - (27r,% /C2ksz) A s 1 i is the gain) in the ith

element. In reality, saturation effect always comes
ki k in, so that while some of the .zntense filaments already

"s start to generate high order ri diation, other elements
are still below or just above thrt shold in generating
the first-order stokes radiation.. 'At the output of the

k k Raman cell, one sees Raman radiation of many orders
s simultaneously present. If the same type of consider-

ation is applied to the temporal modes, we can ex-
Exponential Gain Coefficient plain qualitatively many other effects obser% ed exper-

S1 J Eimentally, such as Raman specti al broadening, the
g C 1 1Etj2  dark absorption line in the broadened anti-stokes

I spectrum, the broadening of he anti-stokes ring, and
the shifted angular position of the anti-stokes rirg.

s+ gives enhanced Stokes gin in the phase - I shall not spend time here in going intodetail. Expla-
matched direction, nations have been published in the Physical Review

Letters. Instead, I would like to show some experi-
mental proof on the multi-mode effects. These ex-

In that case, we have two coupled wave equations for periments were performed at Harvard by Pierre
the two stokes beams. Because oe the couplingterms, Lallemnand in Professor Bloembergen's group. TIhey
we now have two gain coefficients, one larger and one were designed to show explicitly the multi-mode ef-
smaller than the average gain. It is the larger gain fects in the stimulated Raman radiation.
coeffilcient that dominates the gain of the stokes waves
generated from noise. I the waves are linearly mis- The first experiment was to measure the output Stokes
matched by Ak, the solution becomes radiation from a Raman cell. A polarizer is used to

I 1- 2 2 vary the laser intensity without changing the mode
Ak -• A - i2a-s zE + E) structure of the laser beanm. The slide shows the

Stokes intensity versus cell length. Curves for Stokc.e
intensity versus laser intensity at constant cell length

2 , 2 have essentially the same variation. At very low laser
S+ Eintensity, only spontaneous Ram.an emissionis ob-

TF ku served, which is proportlonal to the laser intensity
"9Z k' . 1ý. The sharp bending indic ates the onset of the stim-

£2ated effect. It is noticed that ao section on the curve

C 41rw 2 -• can be represented by a straight line correspondigto- X2 k exponential growth. This is because regenerative
C action for Raman oscillation has set in at a vcryeariydk stage. The second-order Stokes builds up in a similar

This linear mismatch apparently will give a decrease in manner as the first-order Stokes. This is a confir-
the gain. If the mismatch is large, thc,. the two beams mation of whit we said earlier about the higher-order
are essentially de-coupled, so that the gain again re- Stokes radiatlua.
duces to the ordinarn gain for uncoupled Stokes modes.
But if Ak < <( m.,. /C 2 kOz)XS E E , then we If, however, we measure the output from a Raman
have a strong ccupllng betwen tne tVwomodes and the amplifier, by adding another cell in the light path.
apparent Stokes gain is enhanced. Now. suppose that we find that for a fixed cell length 'he gain decreases
we have a laser beam with a narrow cone of wave vec- rapidly as the distance between the two cells increa.t es,
tors. Then, only the Stokes radiations in a narrow This cannot be explained merely by the divergence of
cone would be effectively coupled togethp- to the laser the beam. It can however be explained by the multi-
radiation, and have enhanced gain. Thii gives rise to mode effect. We can illustrate it by the example of
the observed strong increase in the stokes gain in the two laser b-ams comning into a Rama., cell at a small
forward direction, which cannot be explained by geo- angle. The Stokes m(oe which has higher gain con-
metric consideration alone. In the space-time analogue, sists of twe Stokes waves E (ks) and 6,(k. )coupled
this enhancement of gain In the forward lirection is together, with #he ratio EifE5 s - 'Ci(-0; " ), where
analogous to the spectral narrowing in the stimulated (01-01 ) is the relative phase difference of the two
process. As the spectral lines in the stimulated emis- laser Deams. This is also the ratio of the two Stokes
sion are usually narrowed, so is the spacial distribu- waves coming out from the first cell. Even if we have
tion. Also, the multi-mode effect can be explained in exact momentum matching among waves in the first
terms of hot filaments in the laser beam. In thatsense, r'ell, they will become mismatched in the air due to
the laser beam can be divided into N elements, where change o, indices of refraction. TherefOre, the ratio

N 4= 2 d.Q. A is the area of the laser cross-section, Es/Es changes relative to the laser beame as the
and dD is the angular spread of the laser radii ion in waves traverse the air between the two cells. When
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they arrive at the second cell, th'e Stokes beam is no PROF. SHEN: Yes, you call do that, too.
longer in the mod_ý which has the higher gain. The We are planning to put in glass plates, and if you put
deviation is of course larger for layer distance be- the glass plates at different places, you will see dif-
twcen cells. This explainis why the Stokes rgain in the ferent results.
second cell decrdases with the distance between ceils.

MODERATOR SOULES: Before we go to the next
scheduled speaker, we ]lave comnimem-s by two memibers

100000of the audience. The first Is Professor Schawlow, of
Stanford.

ist SOKESPROF. SCHAWLOW- I would just like to ask Dr.
- Braunstein, hn view of the calculations hie has made

onl thle :.onlinear effects in nonlinear absorptiono in
oygen, would lie have any comnment on the feasibi ity

of the device shown In Ihe first slide?

1000 -Could you show the slide?

100 - 80

60

10 ~40

20

0 20 4'0 60 so toomh

The next slide shows the Stokes gain vt;-sus cell length 4 I
of the seconcl Pell. For a short cell, the gain is low,
such that tb-i t ponentiai growth can be approximated j- j
by the linea-r growth. The initial slone then~cnr-re-

sjpahids to the average gwain of all mnodes. This aver- 2-+2 ,nSonqI~3

age gain s~hould be uscd to detarmine the Ramian sus- t 26a mm Spocing 10-2700 W
y.. ptil,4ity. For larger cell lengths, the mode witho ominScngIe3the highest gain becomes dominating, as is, represented aior ~cl8~3
by the straight-line portion of the curve. Eventually, t_________,_______ 'I__
saturation effects set in as the laser power in that 0 20 40 60 50 MM M~ QQ
inode is depleted. LENCF8 OF 2nd CELt

The mode effect Is also demnonstrated in another ex-
perimient. The laser beiin Is split by a beam splitter
Into beams A equal Intensity, which then excites two
identical Raman cells. For ideal beami splitters, the
mode structures of the(, two beams should be identical.
The Stokes. generation should also be 1.ientical, so that BEAR FILTRoS
the points on the slide should fall onl the diagonal line. 50~~~o P.11R .-- -
For a non-ideal. beam splitter, the moda, structures I RBY ASERJ 0cm2 I
c: the two beamis would not be identical, and there
aplpears a spre.ad of points about the diagonal line. 10cmA
The spread is narrower for better beam splitters. V 052

PROF. DAW: Was that experimental data you weret.
showing, or is that -- I ____________

PROF. SHEGN; Thae's experimental data.

MODERATOR S3OULES: Arq there az'y oilier questions'?A

DR. CULVER, Did you put a-iy material with different U (1) BEMou SPUTER FLA
diE persior, between your amplifiers in additioni to just I2 F5Sult 18 0

chu~nging the izeomeiry? 12 A.2IIE LT1
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MODERATOR SOULES: The next speaker is Alex We can now eecast the buildup equation in terms of the
Glass, of IDA. simple fundamental quantities, the Raman gain;'and

DR. GLASS: We have heard some comments this linewidth A, whici' are characteristic of the material,

morning aboutnonlinear effects and some Implications and the incident power Po and etendu 17, characteristic

thereof with regard to limitations imposed by the at- o t incident beam.

mosphire on the kind of beams you can transmit. I
would like to comment very br'flv oil som1o' implica- If we call f8 the Raman conversion ratio, which is the

tions of recent measurements of stimulated Raman ratio of the intensity at the Raman-shifted frequency

scattering in atmospheric gases. to the inrident intensity, we Lan write the following
in amospericequation

The inference is addressed to tile same point, what e uai

are the limitations imposed by the atmosphere on the A/413) 77 Fexp(P/2X4,-r 4  (3)
transmission of high intensity beams. "='lo x ° -(

The geometry that I am envisioning is something like
the following: We have an aperture of a certain area It you look at the exponential factor, which was pre-
A and weare pushing a a highintensity, well-collimated Viously 710 X, you see that itno longer involves the
beam through this aperture into a certain solid angle path length X. This was eliminated by assuming that
dfl. What we want to know is, as a function of the dis- if the phenomenon was going to happen, it would hap-
tai.ce, how much of the light we originally put in is pen in a distance from the end of laser in which tle
going to be converted to the Ramain-shifted frequency, area of the beam increases by a factor of two.
that is, to the first Stokes line.
The followiuff eztuation describes the way tihe Stokes In other words, the beam is diverging and the nature
intensity builds up. of such an effect is that if it doesn't happen in a dis-

tance in which the diameter increases by a factor of

(dI 1 /dX) I 7IO + (d ac/d .)I0 d Q (1) two, then it isn't going to happen at all. So that's the
1 0sort of argument thatwasused to elininate the V, and

cast it all in terms of these few simple parameters,
Tihe first term describes the buildup by stimulated which appear to be the fundamental quantities involved.
Raman scattering; characterized by a gain coefficient
Y. The process is 'nitiated by ordinary Ranian scat- So, then we can put some numbers in and see whatwe
tering, characterized by a solid angle, the cross- get.
section, and dependent on the intensily of incident light.
Tnere is a relation between the gain coefficient and I should mention first of all that the measurement of
the cross-section much the same as that between the y that has been made has not been made in the open
Einstein A and B coefficients, w•tich we can insert to ai', but instead has been made in the focused beam.
get, for the geometry envisioned, the intensity at the
Stokes frequency as a function of the distance down Now, a very similar expression obtains, excep)t for
the beam, X. some .a.tors" of. o, if you. look at tlie threshold for

Ii CX) : (tlwA 4) (dI/A . jjexp (TIoX)-l] (2) buildup of stimulated Raman scattering in tile focus.

So, ve have, as I say, a relatively good idea of what
Here A is tile width of the Raman transition, dfl tile Y' is, both from experiment and from calculation, and
solid angle, mnd wI and Xl tile radian frequency and I think I mentioned this is for a rotational transition
wavelength ui the Stokes line. in nif e'ogen. It's a small shift, something like eighty

wave numbers involved, and it's a narrow line. Wu
Gamnma is the gain coefficlen't and 'U's very much the can plot minus the log 10 of the conversion ratio 6 as
same sort of creature as di a 2 that Dr. Braunstein follows:
was talking about, except in this case it's not absorp-
tlie, it's a scattering process, Gannmma has actually Now, is q is one, this power is something like 108
been measured in a variety of atmospheric gases for watts; and if 17 is 100, this power is something like
a variety of transitions by Dr. Robert Terhune at the 109 watts; but tlii. has to be power within the line..
Dearborn Research Laboratory of the Ford Motor width of the transition, of course. So that's the con-
Company. His work has been published on vibrational clusion that one airrives at.
transitions in hydrogen and deuterium, vid lie has
some preliminary results for nitrogen. As far as we know, there is no laser operating right

now which would be capable of causing stimulated
A calculation of gamma for nitrogen has also been Raman scattering in the open air in an unfocused beam.
made there at the laboratory giving a value of gamma
sometilnig like 1. 85 x c0- m 1ra/watt. Tile other iowever, tie inference is that we are not far from
quantity wlhich is involved Is the linewidth. Now, the tile pointiwhere thiswillbe seen, and this is obviously
widthof tile Raman transitionhas been mea.sured, and something that has to be kept in mind.
appears to be something like. 04 wave numbers. I might punltouttthatwe saw in the two photon absorp-

We ilad a quantity introduced by Dr. Shen, which, I lion that there was a number which characterized tile

believe, I've heard Profeosor Bloembergen call the point atwhich the two ploton absorption would essen-
eteldn. Ills tle product of tile aperture area A times tially limit tile propagation of a beam in oxygen.

the solid angle &Q, divided by the squareof the wave- We had y here of 1.85 x 10-1 1 , the corresponding
length. Tills ratio is essentially the ratio of the solid figure for tile-two photon absorption from thie nunwers
angle the beam is spreading into to tile diffraction given is something like 10-13, so it would appear that
limit. this would be the phenomenon which would enter first.
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PROF. SUBRAMANIAN: Do you have some number DR. QUELLE: That's with nitrogen. Tne point is
unthis power that you are talking about? What is the with going to hydrogen or something like that, a gas
liuwer level t!at we will. be able to jobaera.e the Raman has a much lower t[Eeshold..t vinhve ple-_nt of .nrowur
;catlertng? so as to see these things in focus.

DR. GLASS: This is it, 108 with azn etendu of 1; 109 PROF. SCHAWLOW: Of course, in the oxygen case
at 100. 1 took some numbers from talking to various it was a viirational transition. The atmosphere is
people whu had obtained big lasers commercially and not composed of hydrogen.
put in these numbers, and find they all tend to fall
just short of the threshold. The factors that come in, DR, GLASS: There area numlbr of questions involv-
you need toiknow the power, you need to know inwhat ing what the true nature of the focused beam expei i-
llnewidth this power is concentrated, and you need to ment is, because at the locus the rotational Raman
know the beam divergence in effect. scattering is accompanied by breakdown, and it'n lit

simply nitrogen gas inwhich this is occurring, but it
PROF. SCHAWLOW: Has Terhune measured the appliars to be something with a lot of free electrons.
stimulated Rair effect at a pressure low enough so
that the rotational structure is resolved? DR. CULVER: Although we may not be running into

applications of the particular lasers that are going to
DR. GLASS: Yes, he has measured it, Well, lhe feels break down, yet, such as using them as radars, this
that lhe has. Now, I am taking advantage of some con- might be observed by running it through a series of
versatiuns with Dr. Terhune, and the work is very focus. At each focus you ought to be able to get the
preliminary insofar as the experiment goes. Their gain that you oot at the preceding one, if you can re-
laser pooped out, is the way I think you have to put It, produce the focus, and then you ought to be able to
but they are getting a new laser which ought to be per,..ps confirm these results except for multi-mode
capable of pinning thils down, and there are some other L, Tuts.
experiments in progress at other places which may
al.o shed some light on it. That would tie rather interesting, in fact.
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MODERATOR SOULES: Our nextspeakeris Professor For the plane-polarized beam, this is what we get
Subramanian, of Purdue U.-.v,-rsity, whohas been doing which essertially shows that the magnitude of the dc
some experiments on higher order effects of laser. polarization would be directly proportionate to the

PROF. M. SUBRAMANIAN: My problem Is some- power in the laser beam.

thing similar to what Braunstein told in his presenta-
tion of how he is trying to get started in a new place, This led us to the interesting idea that , could see
and it's about the same for me, too. this dc polarization as a meter for measuring ibpower
For the past year and a half I have been estab~lshl~nga in high-power lasers and the further work that we

r ewere in was toward this goal. Let me point out one
laboratory, for conducting experimental research at more fact here which Is probably the question that
Purdue's School of Electrical Engineering. I think I many of you may ask about the material we have chosen.
might probably be a little bit of a misfit because most The material I chose was quartz crystal, which has
of the people here are physirists, and in fact, my talk low nonlinear polarization coefficient compared to
will also be more towards engineering oriented. KDP. Now-a-days, we have cadmium sulfide which has

The primary work on the nonlinear objects at Purdue anmuch larger magnitude. Thereasn for this choice
now is having two phases: One is the dc polarization is that the major problem was of getting rid of the
which I have been working on for the last couple of pyroelectric effect in these crystals. Since quartz has
years, and the second phase is subharmonic generation the least a mcunt of pyroelectric effect, my firstchoice
which we recently started within the last few months. was this.
Essentially what I will donow is give you a brief prog-
ress report on what we have achieved in therms of the Initially, I took the electrodes away from the quartz
de polarization, and then describe the preliminary crystal, and this way I reduced the heating effectwork that we have started onl the subharinonic cytl n hswyIrdcdtehaigefc
wonerktatio. wconsiderably. I was also able to overcome the prob-
generation, tern of building an amplifiex, eren though it was of

The dc polarization was observed, twoyears ago, and low sensitivity. Our present work now is just getting
it was reported by Bass and Frank, from Michigan started with the other crystals.
University, and also we p.-esented a paper on it in
Brooklyn Polytechnic Symp. on Optical Masers. So, with this introduction on the material, if we actu-
Actually, I will show you a couple of slides borrowed ally plot the polarization directionwith respect to the
from that conference to orient the people who are not incident polarization of the radiation field, we would
familiar with the dc polarization. get a figure of something like the one that is shown

May I have the first slide, please? in the next stide here. The X and Y are the principal
axes, and if you choose the incidemit polarization to

3E be polarized along the X prime axis, then the dc
al e + a2E + a3E + polarization is oriented with respect to the X axis of3 the crystal at an angle 2 0. This provides us with a

very interesting proof that we are observing the dc
- po-- iaiztion mnd nothing else. If we rotate the crystal

a cos t + o. L (1 cos 2 t through an angle 0, keeping the polarization constant,
P alE c-- ( + t) then we would observe the dc polarization to rotate

through an angle 2 0 -- that means if we rotate the
a o crystal through 900 in a positive direction, we should

E0 (3 cos t + cos 3 t) + ... be able to observe the de polarization rotated in a
negative direction through 1800. This is the first
conclusive proof that we had for the dc polarization.

The dc polarization that I am tolking about essentially
coriesponds to this term here. For the sake of edu-
cational purpose, I am presenting the po)larization
equation in the scalar form. The rest or my talk oni
the de polarization is essentially concerned with this
term over here. My calculations are for the can of
the propagation through a uniaxial crystal along the
direction of optic axis. For this can we can find out
that the dc polarization is given by the term, that is
shown in the next slide. 20

Plane polarized light:

P1 a 2  +a 2

Circularly polarized light:
For measuring this. Ihave given to -- chronologically

-0put the subjemt In the conference here. I also give the
P 0old setup we had to measure this with.
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May I have the next slide, please? You see, this sensitivity here is a 50 microvolts per
centimeter, and the noise of the amplifier itself was
fifty microvolts per centimeter. We had A hard time
in getting any decent output at all with this system
"here, and --

(a)F MODERATOR SOULES: Can you tell us what imped-
ani.ý you were able to ochieve?

PROF. SUBRAMANIAN: The input impedance of the
detector was ten megohms with, if I remember right,
about eight or nine picofarads.

MODERATOR SOULES: Could this be improved con-
(a) .- siderably with the now-a-days transistors?

PROF. SUBP.AML.,N.AN: Probably not as much as the
ones we built recently. This is using RCA nuvistor
tubes.

MODERATOR SOULES: The field effect transistor
So you can see, this is typically 18th Century setupin has a fraction of the picofarads on ten to fifteen megh-
the University, and the universities are poor. That's ohms, that's why I wondered.
a la ,er which is using a helical flash tube and is cap-
able of givingkilo-watts o itput. Atthattime we didn't PROF. SUBRAMANIAN: You can't go too high in
have a ninety degree-ruby rod and, hence,, to get impedance. In that case, we can use an electometer
lirparly polarized output we had to use a polarizer, amplifier.
This is the initial quartz mount we had, and the major
problem in building this amplifier (which probably MODERATOR SOULES: This is a relatively high band.
took around three or four months) is getting the high Good.
input impedance and at the same time wide band and
high sensitivity. PROF. SUBRAMANIAN: We can see clearly here that

for a ninety degree rotation the DC polarization goes

The quartz crystal ii if has very high input impedance from a negative value to a positive value. I also have
and very low capa ,a..nce, and anything you put into a curve which was presented at the laser conference
your detector froi i this side Is going to be divided which shows the linearity of the power content of the

according to the r.Aio of the capacitances. beam with respect to the DC polarization.

By the way, that was assuming a circular beam which
Inout capacitance was a major Droblem to me. and so is very normalin the case of most of the ruby lasers.
we had to devise a special setup which was balanced. The DC polarization is only a function of the beam
All the component, were built inside the unit. Inci- intensity and not a function of the diameter. There is

- dentally, even thoogh the DC polarization is caused normally the divergence of the beam and one of the
by the same term as the second hairmonic, there is major worries is whetherthis would afffectthe reading
actual power transfer to the second harmonic. By that we would get, and in doing some specific experi-
adjusting the phase conditions we could increase the ments with defocusing and focusing the beam, we
output of the second harmonic. However, in the case found that there was absolutely no difference at all in
of DC polarization there is no power transfer. All the output, which confirmed the first order anrlysis
we see is a pulse In the condition of the field while that I made on this system.
being set up or decaying.

The next point that I wanted to investigate was If to
I have in the next slide the output that we got out of increase the DC polarization output by usir.'r high
our system. May I have the next slide, please? powerlaserbeam andobserve the spikingphenomenon.

Other people have looked into the spiking phenomenon
in the second harmonic with respect to the fundamental,
and I wanted to do a similar experiment with the DC

Spolarization and see what kind of correlation exits
between the fundamental and DC. And to achieve this
goal, since I didn't have money to buy anew laser
which costs about $25, 000. 00, I built a laser myself,
and this was almost a six months project in building
the laser.

The major difference in the laser thatIbuilt from that
of the commercial lasers is thatl used two, linear flash
tubes connected in series in a double elliptical cavity
instead of in parallel, which is the common way you
would have seen in ail the commercial lasers. The
reason for doing it is thatitturned out to be econom-
ical, and efficient.
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I wasn't sure, init. ally that this would be the case. that we see, and there is a residual effect which I am
Ilence, I made some preliminary experiments and it not positive whether it is due to overshoot or due to
showed that i wovtldn't be at any disadvantvge, and so the pyrolectric effect. There is remnant pyro effects
we went ahe.,d and built a laser which is giving more still present, but we can see that this noise level is
than a hundred joules output. considerably reduced.

i am still not operating at the peak output that it can
give. I think it will give around 200joules maximum.
"The period of tuie pulse would be somewhere in the
order of 600 microseconds.

We finished building this laser last summer, and we

have been operating continuously so far, and we have
not had any bad luck at all with the laser, so essen-
tially we can probably buid much cheaper lasers now,
high powered lasers, with this technique available. NowI

Of course, we have, now. less stringent reotriction
as far as building the ,..nplifier is concerned, since
we have a higher output of the lacer availablk. So I
went ahead and build a new ampli;ier using RCA
nuvistor tubes. Esscntially it's a difference amplifier I
at the input stag,.

Now, in the previous case there was no gain at all in
the system, whereas now in'the new amplifier we have
a gain of twenty. The new set up now makes possible
for us to observe the spikings.

May I have the next slide?

*' -The sensitivity of th.s scale is two milli-volts per
centimeter, so we have a very efficient system of
measuring tile DC polarization.

Thle technique being more perfect, we get a large sig-
nal on the DC polarization, and so the next logical
step is to try to see whethe.' tie spiking phlenamena
cin be observed in the DC polarization.

MODERATOR SOULES: Are those two ninety degrees
out of phase?

PROF. SUBRAMANIAN: Yes, they are ninety degrees
out of phase. This is the spiking on the laser pulse
you see on the bottom trace, and the spiking that we
see on thle upper trace is due to the DC polarization.

That's the new setup we have, and I should also warn

you of the fact that these are all raw. It took a while
for us to get this amplifier built, and It was done only
about a week or ten days ago, so you see the amplifier
is built in a coffee can still in its preliminary condition,
with seven nuvistor tubes. This Is the laser we have
which is capable of giving 400 joules. There is still:
the problem of the beam diameter (tile ruby diameter
is 5/8 of an inch). When it comes out, even though (a)
the crystal thatl am using, is two centimeter in diam-
eter, I have the problem of the beam hitting the plate,
so I have to use the lens to contain the Weain within
the crystal to reduce the noise pickups, The results
are shown on the next slide. (b)

See, now, we are having a ve,'y high output with very
less noise here.

I should have explained what these two curves are.
Tile bottom one actually represents the output from a You can see thatthe Ibandwidth of the amplifier is
photo-tube. That shows the laser pulr '. This Is the limited, so you don'tgetthe correctspikings from the
laser pulse now, and this is the DC polarization pulse DC polarization. They are kind of rounded off.
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In all these cases, (even though the comments I make [t hink I ! il talk about our efforts on tile subharminic
are not conclusive now), as it is, we don't see any project. In the meantime, if anybody has any question
correlation between the two. We see in this region on this, I will be glad to answer it.
there seems to be a correlation, but in those regions
actually here we have the maximum coming in unless MR. WHITE: What did you decide finally about the
there is some ncise that is actually introduced, but feasibilityofapowerraeter, usingthe DC polarization?
corresponding to these levels here, power output of
the laser is very small as apparently there is no PROF. SUBRAMANIAN: If you want to observe this
correlation. spikings in the power, then I am not sure that we can

I, have a few more picture. that I have taken. These use it. but if you are interested only in following the

were. all taken only during one day. and as somebody envelope of the pulse in tho high power inse (anything
else was saying, laser went kaput. So far, one of above fifty joules seems to be a very nice figbre to
the major problems of the laser that we have come use on this) then you can very definitely follow it.
across (twice) is the burning of tie coil. One of the configurations I used in the earlier setup

Actually, it s not tile coil ..... f that gets burnt, but was to actually put in some numbers on this. Without
it's the connection to the coil because uf the large making any approximations, I put in the electrodes
amount of (about three thousand amp.res) current exactly corresponding to onipotential lines, which
flowing through that for each shot. This is a very simplified the problem very much. You can actually
minor problem as far as the operation of the laser is build a power meter using this idea.
concerned.

On the subharmonic generation. people have already
The next slide shows actually the same kind ofpicture talked about this, (starting from Bloembergen and
with one micro-second time scale. We see actually Armstrong's article). Franklin also put forth a tray-
the laser pulse spil:ing process corresponds to approx- cling wave mode of parametric subharmonic genera-
imately one micro-second which is what peuple have tion, and I think he came up with a number of twenty
observed earli-r. thousand centimeters or,using a power of ten kilowatts,

and a nonlinear coefficient of the order of ten ESU.

This doesn't seem to be practical. However, Kingston
came up with the idea that you can use a cavity mode

10 and this ,ncreases efficiency much higher, and in fact
7 Isome of his ideas have just come out in the latest

January issue of the proceedings of the I. E. E. E..
where he comes out with a number of two hundred
kilowat!,. If you have a two hundred kilowatt pulse

,b• •_of laser, then you can actually build a subharmonic
generator.

However. until today, nobody has come out with a
device that produces a subharmonic generation.

I have been thinking about this for tile past four months
uthe or so, and I am trying to approach this subject from aAgain, the correlation is not too rigorous between te slightly different viewpoint.

two pulses, but I have to do more experiment on this.

In fact. if we go ahead and do this with a high power
laser and with a crystal which has high nonlinear The point that I am taking actually is an extension of
coefficient, we should expect better results. the circuitry concept that people have extensively

worked out in detail as far as generating parametric
;.:.;PRATOR SOULES: What is the time constant of subharmonics at circuitry frequencies. The Lasic
the pyroelectric effect? Does it follow these rapid difference between tile two methods is that one con-
changes? siders the transfer of power from the funadmental to

PROF. SUBRAMANIAN: No. The rise time seems the subharnionic by harmonic balancing schome,(that
to be almost following the pulse, but tile failing time Is, the total power constant, and certain potter is
seems to be very slow. In fact, even in this I think transferred to the subharmonic) whereas in thie case
there is still a little bit of pyroelectric effect which of the other approach (which is dealt mainly by mathe-
I can show by the slide which is showing the two pulses, matical formulation), a resonant circuit at some fre-
the positive and negative. queneywconnected to a variable capacitor which has
See (ref. slIde 5), In the first slide the two peaks, that a frequency of 26). Unfortunately I don't have any
iS, (ref ide andths p actualy cor ped when slides on this and so I will describe it for on theis,, thlf, 7-,,tK and 1hls lp-ak actually corresponded when blcoad

I 0-d the initial experiment. but in this high powered blackboard.
laser, you see. It isa not actially closely followed. _ dC Cos iot

There is a little bitof lag which I think Is due to pyro-
electric effect, this Is the laser pulse here, whereas If you have a tank circuit with a certain loss el(ement
the pyroelectric pulse here occurs this way. There Is G , and connect acioss this a capacitor dC that is
a lag on the DC pulse which may be due to that pyro- dtiven at Cos 2 Wt where w - ' 'Then, under
electric effect which still has to be investigated and LC

that's about the progress we have achieved In this DC certain conditions you can observe tile system to be
polarization so far. unstable and subharnionlc to be developed.
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The way to analy.e this is to write the equation for this Letting • e-ft U(t), and assuming a solution of the
system in terms of charge. form

2 x(t) xO + kI sinwt + k2 coswt (5)
dQ GodQ C,2 (I - cos 2 wt) - 0 + k 3 cos 2wt
IT-2  dt " co

we can obtain from Eq. (4) the following Mathieu
We can make some substitutions in this equation and equation
reduce this equation to a set of Mathieu's equations.
The Mathieu's equation would be of the form 2 4

d 2 U +Vw -

dT- - + (a - 2q cos 2 tt) U - 0 u - 1

This is exactly the same type of eq,, .fion that we saw
The details on this can be found out from the book by earlier (equation), and here we can put in the various
Chang on "Parametric and Tunnel Diodes." values that we have, and this would give exactly iden-

tically. So, the idea that I am thinking of is if there
If you plot the stability diagram for this with the axes is going to be a good transfer of power in the case of
as q und a, then we get the figure circuit relationships in terms of transferring from

the funidamental to the subharmonic, then we could
S Uapproach the subject exactly in an identical manner

L Uns and get some results also using this approach,instead.a of using the harmonic balance appe'oach.

q-- So, the work on this is based on the approach that I
have given, and we have also set up the initial

something of this form where these correspond to the experiment, I think, that is shown in the next
stable region, and this corresponds to the unstable slide. I have two slides on this.
region. It has been observed that a large amount of
power can be transferred from the fundamental to the
subharnmonic at the circuit frequency.

Now, the question is whether such a system could be
used, applying this concept to the light frequency. At
optical frequencies, we have the same sort of system /
wherein we are changing the dielectric constant with
the radiation field and hence, we should get the same
sort of behavior. If we could also analyze this from the
quantuim niechanlicul concent,

The phenomenon of the interaction of radiation with
the nonlinear dielectric medium will be illustrated by
considering a one-dimensional anharmonic oscillator
that is subjected to the forcing field caused by '.he
radtiAion. In the absence of radiation, the Hamiltonian
of the system is of the form 2

1 1p2 t 111o2X2 - X 3 - 1 11 x4 (1) This is the laser we have, and it's interesting to also
2m 02n 4 mention here that this was taken with no external lights

at all, and just by firing the laser so the external
where in is the mass, p the momentum of the particle, lights for taking the exposure was given automatically
XandT1constants of the system, and xis the displace- by the laser light, so you can see the intensity of the
ment of the particle from its equilibrium position. In laser pulse in nere.
the electric dipole approximnation, the interaction of
the system with ,radiation is It was also interesting becaase pe• pie have tried very

11It exEo cos (2cdt + q ) (2) hard to take pictures of the lasers.

where v is the electronic charge and Eo cos (2wt +0) You can see the beam coming, and this is a glycerine
0ý the incident monochromatic radiation. From Eqs tank wehave forfiltering out any infra-redthiat comes
(1) .rnd (2) the equation of motion, including a dissipa- out of the laser originally, and I think in the next
live term, for the system can be written, which will slide the system is shown very clearly.
assume a general form as below

d d '23X +yx2 + 6 x3 (3) This is the laser, that we built, and you can see the

dt2 
' 3x +t - 1B cos 2wt. size of reduction in this compared to all the commner-

cial lasers. A commercial laser would probably fill
Following the procedure of Hlayashi 3 , we can trans- up half the room with capacitor banks, whereas all
form Eq. (3) Into the form the capacitor banks and circuits, everything, are hi:

there, and there is the laser cavity. Incidentially,
d2  ccd 3 X2  0 (4) there is a trick in building a laser cavity, if anybody
dt 2 

- d 2 is interested.
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For infra-red furnaces, they build cavity by extrusion MODERATOR SOULES: Any questions or comments?
process and you can get it at six dollars per inch. It
cost us a thousarld dollars, including all the crystal PROF. SCHAWLOW: Where do you get your
and flash tubes as compared to the ten thousand do).- reflectors?
lars that you would pay in the market. (I may be
killing somebody's business;)

PROF. SUBRAMANIAN: ReDlectors? Which ones?
There is the crystal mount. I am using the same
crystal mount that Ihad for the DC polarization, even PROF. SCHAWLOW: The elliptical, double ellipses.
though I don't need these cables.

PROF. SUBRAMANIAN: There is a company in
Here is the detector. One of the major problems that Minnesota who distributes this. It's some research
one encounters in this measurement is to filter out tIe corporation. I can give you the name.
huncred joule laser pulse from entering the infra red
detector. We have one of the best and cheapest ways PROF. DAW: Did you polish the interior of the
of doing this, to use a silicon crystal. It seems to be cavity?
a very efficient system, even though still we have some
problems in terms of defocusing, etc.

PROF. SUBRAMANIAN: You can buff it, that is all,
We also don't want any of the infrared, that is, conming the best you can do. Actually, you lose a certain
out of the laser to enter the infrared detector. A amount of efficiency in this, but Ithink the reflections
glycerine solution would be useful for this purpose. of the aluminum is to the order, this is an aluminum
We are now taking the bugs out of the detector. We cavity, is about seventy percent, also at thefrequency
haven't done any actual experiment to see whether we of 4100 angstroms, whereas the silver cavity you can
can observe any subharmonic or not, and that's about get a ninety percent, so you would lose a certain
all of the problem in the subharmonic generation. amount of efficiency, but the cost is well worth it.
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MODERATOR SOULES: Dr. Charles Wang, of tile something like ten percent instead of twenty percent
Philco Applied Research Lab at Blue Bell, Pelnsyl- that a lot of pfiople claim that they have been able
vania, would like to make some comments on this to achleve.
area.

We have, then, the second harmonic generated this
DR. WANG. I understand it is lunch time, so I will way pass through a UG-I filter which takes off the w
only spend a few minutes to describe some progress (beam), but passes 2w(beam). Tie ?wpasses through
that we have made in ittempting to observe optical a calcite prism which is shown over here to hawv the
parametric interaction, specifically the parametric 2 wobeam) colinearized with the so-called signal
amplificationand the difference frequencygeneratin beam, (if I may use tile terminology of parametric

amplification here) which is obtained from a gas laser
Tile parametric amplification that I am talking about operating at a 6328 A. At the moment, -- may lihave
here is a little different from what youwouldencounter the second slide?
in tile case of Riman amplification. There you have
second order resonance. The thing I have here is off
resonance.

I don't have. I suppose, to review the theory of para-
nmetric amplification, particulai ly after both Professor 2
Shen and Professor Subramaniam have discussed that $
in length.

If Icouid have the first slide. This is the experimental
setup that we have fur the observation of this parametric RED
interaction. Itis essentially the interaction between two BEAM
lighlt beams generated by two separate sources, and
tile idea is, in using layman's language, to use a blue
beam. to amplify a red beam; this understandably is
possible if the blue beam is strong enough.

He Ne GAS
l ASER, wýs

W,,a

"WP .,• 6328A BLUE
Ur' -"• •/SEAM

U, I FI GIHL ER

"DETECTORS 1 <26a, d I The second slide here shows a little bit more clearly
- ADP r] how the two beams can be combined withanu theuse-

-- -- - -'of dielectric coated dichroic nlirrors.

We initially were using that, and it turned o.' that each
mirror could stand only cne rihot, and it was too ex-

Q.SWITCHED PUBY pensive to do it that way.
LASE•R (.•) 6937X

The way we have been doing it successfully now is to
use a calcite prism, wnd having tile aptic axis perpen-
dicular to tile plane there so that you ,Can make use of
tile birefringence and as a result tile blue beamwill

So what we have then, we use aQ-switched ruby laser undergo total reflection at the back face, whereas tile
which generates about thirty megawatts to the best of red beam goes into tile calcite. prism at that face and
our estimate, in a time of about thirty nanoseconds, it comes out parallel to the blue beam.
and this output goes into a piece of ADP crystal about
eight centimeters long. This is done. The red beam, it turns out, can be

made parallel to the blue beam with about eighty per-
The ruby laser beam passes through the A 1P crystal cent transmission from one side of tile prism to tile
in a parallel beam geometry, that is, wit, ut focus. other side of the prism.
At the output we observe the second harri nic of the
ruby source, as well as the ruby radiati a itself. May I now have that first slide, again? Back to the
Thisj of course, is done at the index matc: ingdirec- first slide, now. We have the two beams made paral-
tlon; and the angular dependence of second harmonic lel. This is assured by observing the burn spots cue
generation, using this parallel beam geometry, is to the 2 w beamon apiece of polaroid film and spaced
about five minutes half width. We found this is pri- over two meters away to be sure that the two beams
marily due to the divergence of tile ruby beam itself, are aligned.
because if you use the index data of ADP, you will
find hInt tile width of the angular dependence should- This way the alignment was made to be about two or
be something like four seconds of arc instead of the three minutes of arc. Incidenta.i", this is bigger than
five miAutes which we obtained, the beam divergence that we have at tile 2 w beam.

The maximum second harmonic we have obtained to The 2w beam which Is shown here at tie second ADP
date is something like three megawatts from a thirty crystal, has a intensity of about three megawatt per
megawatt At the fundamental frequency. This is square centimeter. We estimate that this Is about
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the intensity you need In order to get a 3 db gain for Inview of the fact that we i' ave two or three minutes
'he sig'ial. 3 db means that you have one photon in of arc uncertainty in alignmiaL, this should be regarded
and two photons out. After we pa' through the second as a good agreement. The maximum difference fre-
ADP, we have the pump light 1 t, we have the sig- quency we haive generated this way is about 1. 2 milli-
nal ligiht beam, andalsoas aresuit of this parametric watt when we hi.ve the pump beam at about three
interaction you I111 have a difference frequency; for megawatt per square centimoter, and the signal beam
our choice this difference is at 7600 A. At this point, at 6328 A about eight milliwatts.
uf course, the problem is to tell whether or not you
have observed, whether or n-A you really have hadave obervediwc the or y This is about an order of magnitude below what we
any am.plification, would expect, say, in using the nonlinear suscepti-

bility equal to 2 x 10-gesu, and this Isuppose is againIn the second ADV, the problem here is complicated, u oii•mlimd fetwihIelv satal
-nd if I may go back to the beginmng here again, the due to hie multi-me'de effect which lbelieve isactually
problems associted with this kind of excperimenet the subject for the Harvard theoriticiars to work on.

essentially are the following: (1)you need highenough This is all.

power; (2)you have to align the two beams to a decent
degree of accuracy; arid (3) the problem of detection. MODERATOR SOULES: Any questions?

I presume most of you gentlemen here are famiiliar PROF. StIEN: May I comment that the parametric
with nonlinear optical phenomena. Essentially all
glass filters fluoresce, either because of multiphoton amplification is exactly the same as Raman amplifi-
absorgpton, or simply because of the UV radiation It cation, only the difference is optical and you don't

Z, so that the way to get rid of this is to have to worry about the phase matching, I mean the
seaglassprismto disperse the w btgetarmd outhis ad to Raman effect, since the dispersion is a straight line,use a glass prisnm to disperse the beams out, and to is a constant frequency •a.

dewet them at a distance about sixteen meters away

from the second ADP.
MODERATOR SOULES: 'May I a. , did you get three

'lie next slide shows the difference frequency that we db gain?
observed in this experimental arrangement, as you -

car. see here the difference !requency has an angular DR. WANG: No, we did not get 3 db gain. I was say-
dependence of about one and half minutes ot arc. ing it was down by about an order of magnitude from

what I expected. What we observed was that with a
6 ~three -megawatt per square centimeter and eight milli -

watt at the signal, the difference is about 1. 2 milli-
watts. This corresponds toabout]17 percent out and

about one db.

Someone asked if we have really set n anything at a
signal frequency. Yes, we have, because of the full

(Y saturation, due to the DC component we could not
z really tell just exactly how much we have, but I can

show you whmt we observed on the oscilloscope whereI we have a pulse on the signal channel although we have
2only DC signal goes In. This occurred only during the

U, time of gIant pulse when you sec any different signal
generated, and the signal channel shows nothing un-
less you have amplification, because amplification
shows up as pulse and we did see a little pulse here
under, as I said, the saturated condition of the

2 4 6 8 o0 photomultiplier.
DEGREE IN MINUTES

"Il'is Is achieved, again, under parallel beam geom. DR. QUELLE: Shouldn't you be able to look at the

etry, and the maximum you can get is at a direction idlet frequency and tell exactly how much conversion
that corresponds to phase matching; andphase match- you have?
lig direction for this particular process Is twelve
minutes away from the direction corresponding to DR. WANG: This is what we did, but some people
maximum secondharmonic generation; this wecqlcu- were more interested in knowing if we did see a little
lated to be about fourteen minutes of arc from the more photons at the signal in addition to the evidence
s,,cond harmonic generatini. that you get by observing the idler frequency.
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DR. BYRNE: The first subject this afternoon is gas The pair of charge collection electrodes described
breakdown. To start off this part of the program we previously were placed on either sile of the lens focal
have Dr. Haught from the United Aircraft Corporation. point and used to determine that electrical breakdown,

that is the production of ion pairs, wal achieved. The
electrical circuit associated with these electrodes is

DR. ALAN HAUGHT: Atthe United Aircraft Corpora- shown in Figure 4. The breakdown was formed be-
tion Research Laboratories we have been involved, tween the electrodes and both the instantaneous cur-
for the past two years, in an experimental study of rent and the tobtl charge collected were measured.
the ionization of gases by the focused high-intensity About one half oi the total charge was collected very
beam of a giant pulse laser -- a research program quickly over a time of about . 5 p see, resulting in a
supported in part by Project DEFENDER under the current of approximately 5 amps through the circuit.
joint sponscrsliip of the Advanced Research Projects The remainder of the charge collected was received
Agency, the Office of Naval Research, and the Depart- over a very much longer time interval.
ment of Defense. In Figure 1 is shown a picture of
the breakdown phenomena observed. The laser light
in the picture is incident from tile left and focused by To compare the phenorl la observed here with existing
the lens. Atthelens focal point, breakdown of the test theoriesof the electricalbreakdowningases, measure-
gas is observed for suitable conditions of laser beam ments have been made of the optical frequency electric
power and gas pressure. field required for breakdown as a function of pressure

fora number of gases. The electric field strength at
the point of breakdown was determined from calorimnet-

PROF. SCHAWLOW: Wat is the lens focal length? ric measurements of the energy in the giant laser
pulse, the time duration of the pulse obtained from
photodiode measurements, and the diameter of theDR. HAUGHT: In this casý, approximately 3 cm. focused beam. For a typical case, the energy of the

The breakdown shown here is occurring in air. You giant pulse is one joule and its duration is 30 nsec,
will notice a rather characteristic shape of the break- giving a peak power in the incident beam of 30 Mwatts.
down region, blunted on the end toward and lobed on The diameter of tie focus point has been obtained by
the end away from the incident laser beam. This three techniques: measurement of the hole size pro-
shape is a consistent one for breakdowns produced by duced in extremely thin metal foils by the focused laser
focused high-intensity radiation and as yet is one for beam, the product of the measured laser beam diver-
which there is no adequate explanation. There is un- gence and lens focal length, and ray-tracing through
doubtedly some very interesting fluid dynamics asso- the focusing lens.
diated with the development of this characteristic
shape; however, our attention on the gas breakdown
problem has been directed toward an understanding of The first of these techniques involves the burning ofa
the development of ionization in thle breakdown. hole in an extremely thin metal foil by the focused . .

laser beamn. The ineid6jt eri- is first attenuated to
In Figure 2 isshown aschematic diagram of'he appa- the point that the beam intensity is just below theIn igused for s cudyinghemati diagrakdown.Agm ppe threshold of damagefor the foil used. By then remov-
ratus used for studying the breakdown. A gsane ptulse ing an attenuation of 50% from the beam, the signal at
ruby, lasei system in used as the light source in these every point is doubled and the half power point of the
studies, and both lat-ended and Brewster-angled ruby incident focused beam will be at the threshold of damage
rod configurations have been employed. With either of the foil. The diameter ol the damaged foil arca is
configuration the giant pulse laser output was of the then the diameter at half power of the focused laser
order of 30 M watts peak power with approximately a beam. The focal diameter is determined by this tech-
30 nsee duration. In the diagram, the laser light is nique is approximately 0. 2 mm, whic, it should be
incident fromtheleftonthe focusing lens which forms noted, is much larger than the diffraction limit for the
one window of a test cell containing the gas under beam diameter and lens focal length used.
study. rhe test cell was designed for both vacuum
and high-pressure use and permits the study of a va-
riety of gases under high-purity conditions atpressures The laser beam output in the giant pulse mode is not
up to 2000 psi. A set of charge collection electrodes fully collimated but, in fact, has a small divergence.
are located within the test cell for measurements of From geometric optics, a lens will focus this slightl.
the ionization produced in thebreakdown, andaperture divergent beam to a focal diameter given by the pro-
windows were provided to permit observation of the duct of the lens focallength and the angle of divergence.
breakdown luminosity. The divergence is first determined from the diameter"

of the focal spot produced w'th an extremely long focal
length lens. From the laser beam divergence and theObservations0fthe breakdownluminoslty wer carried focal length of the lens used in the breakdown experi-

out, and It was established that the breakdown light ments, a focal spot size of 0. 18 mm is obtained, a
,was not scattered radiation from te incident giant result in substantial agreement with that determined
pulse. In the firot place, the breakdown luminosity from the thin foil experiments previously described.
is readily observed through the laser protective goggles
which are specifically dosigned to exclude the incident
laser radiation. In addition, it was observed that the
breakdown luminosity lasts for a time long compared Evaluation of the focal spot size by ray-tracing the
with the duration of the incident laser pulse. Shown slightly divergent laser beam through the particular
in Figure 3 is a dual trace record of th," laser giant lens configuration used in these experiments gave a
pulse and breakdownluminosity. Thelaser giantpulse focal spot size of 0. 17 mm, in good agreement with
lasts approximately 30 nsec, while the breakdown those determined from the hole burning and focal
luminosity If present for some 600 nsec. length divergence techniques.
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CHARGE PROPUCTION IN BREAKDOWN
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Using these focal spot size measurements, the giant is used to divert a small fraction of the indicent laser
pulse time history, and the laser energy required for beam onto pholomultiplier A, wihich is used to observe
breakdown, the breakdown threshold electric field the wave shape of the incident laser radiation. With
strength was del:-.krmined for a number of gases over both photomultipliers filtered so that they are sensiUve
the pressure range from one atmosphere to 2000 psi. only to the 6943 A ruby laser light, it is observed that
The data obtainer, are presented in Figure 5. Th,, when breakdown occurs the transmitted laser radiation
values plotted in the slide are threshold olectric field is severely attenuated during the later portions of the
strenaths: i. e. . for a given Las if the elect•-itc jiJd -s-€epticar -pulse.- A-double exposure of flc, tr-ans=
strungth and pressure lie below the curve breakdown mitted laser radiat-nn with and without breakdown is
does not occur, and for field, strengths and pressures shown in Figure 7. When no breakdown occurs the
which lie above the curve breakdown is oLserved. transmitted light has the time history of the upper

trace and is identical to the wave shape observed by
the monitor photomultiplier A. When breakdown does

Shown in Figure 5 are the threshold electric field occur the laser beam is significantly attenuated, as
strengths required for breakdown in argon, heliLni, shown in the lower trace. For these experiments, the
and air. In all cases, the breakdown threshold elec- beamn power is slightly above the breakdown threshold
tric field decreases with pressure approximately as for thc argon test gas, and over one half of the one-
one over the square rootof the pressure. Of the gases joule incident optical energy is removed from the
studied, argon requires the lowest electric field for transmitted beam. Attimes shortly after the initiation{
breakdown at a given pressure. Helium, which hasan of the breakdown, approximately 90% of the incident
ionization potential somewhat greater than that of radiation is being withdrawn from the transmitted
argon, requires a higher threshold electric field for beam by the plasma.
breakdown. The constituents of air have ionization
potentials comparable with that of argon, and yet the
electric field required for breakdown in air is sub- It is possible that the energy withdrawn from the trans-
stantially higher even than that for helium, indicating mitted beam could be scattered by the breakdown
that the molecular gases of which are is composed have plasma or reradiated at wave lengths other than the
energy loss mechanisms in addition to those ausociated ruby radiation. If the radiation were scattered at the
with the inert gases. ruby laser frequency, t.his radiation should be observed

at angles other than those of the cone of the trans-
rmitted radiation. A series of photomultiplier measure-

During the experimenits on gas breakdown, it was ob- ments have been carried out covering the entire solid
served that the incident radiation as iR passed through angle subtended by the breakdown region. It was ob-
the breakdown region was attenuated by the plasma served that increased scattering of the 6943 A ruby
formed at the lens focus. The apparatus used for these laser radiation was presen t when breakdown occurred.
attenuation measurements is shown in Figure 6. Two However, even integrating over the total solid angle,
photomultipliers (A and B) monitor the radiation both it was found that the increased scattering was negli-
before (A) and after (B) it has passed through the gible compared with the one-half joule of energy re-
breakdown plasma. A partially reflecting glass plate moved from the incident laser beam.
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If the energy lost from the laser beam were absorbed one-third of a joule, and this, within the accuracy of
in the plasma, this absorption should be observable the experiments, is the amount of energy withdrawn
as a temperature and pressure rise in a fixed volume from the incident beam by the breakdown plasma.
test gas. To test for such an absorption, the break-
down was produced within a small, closed cell con- A number of mechanisms, shown in Figure 9, have
nected to a sensitive pressure transducer as shown been offered in the past to explain electrical break-
in Figure 8. Operating just below the breakdown down In gases. Over the range of pressures studied
threshold, no breakdown was formed and no pressure in our experiments, the breakdown field strength
change within the cell was observed. When the inci- ranges from 106 to 107 V/cm or less than 0. 1 volt
dent laser beam power was increased just slightly across the dimensions ofanatom. Thisfield strength
above threshold, breakdown was observed and a 2 psi is less by about two orders of magnitude than.the 10 eV
pressure rise was measured. This pressure rise m required for the ion.tzation of a typicalatom, and, there-
a cell volume of 23 cm 3 corresponds to an energy in- fore, directelectric field stripping of an electron from
crease of the gas within the test cell of approximately an atom is not likely to be a significant process in the
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development of optical frequency breakdown. Simple
calculations using the cross section for Compton
scattering and the energy transfer in a Compton colli- POSSIBLE BREAKDOWN MECHANISMS
sion show that the energy transferred to the gas by
this process is negligible compared with that required AT OPTICAL FREQUENCIES
to explain either the development of the breakdown or
the attenuation of tile incident laser beam. Direct
photoionization of the gas atomsbytle incident radia- DIRECT ELECTRIC FIELD STR IPPING
tlon is not possible, since the laser photon energy is
only 1, 78 eV and gases with ionization potentials COMPTON S CATER ING
ranging from 10 to 24 eV have been successfully
ionized by the laser beam. There does exist the possi- PHOTOIONIZATION
bility of multiple photon absorption. A consideration
of this process will show, however, that straight for- MULTI PLE PHOTON ABSORPTION
ward multiple photon absorption will not account for
the phenomena observed. The atoms in the gas are MiCROWAVE BREAKDOWN THEORY
Initially in the ground state. Upon absorbing a photon,
the bound electron of the atom Is raised to a virtual INVERSE BREMSSTRAHLUNG
state which 2ersists for a time interval of the order of
10-12 to 101 3 seconds. During this time, there is a
finite probability that a second photon will be absorbed,
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raising the electron to a still higher vii tual state. By as before, Ek the electrons, making many collisions
a succession of such absorptions, the electron could In'
reach tile first excited state from which, by furthlier per cycle, experience this acceleration only ior times
multiple photon absorptions or photoionization to higher of the order of the reciprocal of the collision frequency,
energy levels, the ionzed state is eventually reached. Ee
However, to reach even the lowest lying levels of argon resulting in a AV between collistins ofý ,. The energy
and helium would require, respectively, 7 ann, 12 m 2
successive photon absorptions. Assui'ing even a 10% gain per collision is then of order AE = I/2m(A V)2

probability for each absorption process, this would E2 e2
imply a 105 order difference between the intensities 1/2m . This energy is gained on the aversge
of the laser radiation required !or breakdown in argon
and helium. The experimentally observed ratio of in every collision, and, with v cclhisions per second,
laser beam intensities is only a factor of three, and, the rate of power gai, by the electrons at high pres-
on this basis, the simple multiple photon absorption E2e2
processes described here will not account for the de- sures where ,>>w is P = 1/2 -2--V. At microwave
velopment of optical frequency breakdown. Note added in V
in proof: Tozer in a recent article (Phys. Rcev., Vol. frequencies then, if a given rate of power input is
137, March 15, 1965) discusses a niultiphoton absorp- required for breakdown, the threshold electric field
lion theory in which account is made of statistical would vary inversely as the square root of the gas
fluetuations of the irradiating beam photon dei ,ity. pressure at low pressures, and at high pressures the
Tozer predictsa focal voluice dependence of tie break- electric field breakdown threshold would vary directly
down threshold which varies as V-I/2N, where N is as tile sqiare root of the gas pressure.
the number of photons required to raise the atom to
its tirst excited state. For argon, N is 7, giving a At optical frequincies, the interaction of the electron
predicted focal volume dependence of EtV-0- 07while. with tne applied electromagnetic field is no longer
as will be described, a volume dependence of E oV- 0 . 2" smple, and the concept of an electron oscillating in
was obtained experimentally. From this lack of agree- response tothe incident field is no longer valid. Under
ment, it would appealr that multiphoton processes are conm.itions appropriate for microwave breakdown, tile
not the r:tde limiting step in the development of optical oscillatory energy of the electron in the applied field
frequency breakdown. corresponds to a kinetic energy of the order of 10-3

eV, while typical microwave photon energies are of
Cascade theories have been developed to explain gas the order o i1-5 to 10- eV. Thus, an electron os-
breakdown at microwave frequencies and employed by cillating in the electromagnetic field absorbs and emits
some to explain the optical frequency breakdown. As many microwave quanta every cycle, and the motion
will be discussed, however, the microwave and optical of the electron may be considered to be classical. At
frequency regimes lead to entirely different pictures optical frequencies, for the field strengths used in
of thi breakdown process, and It will be of importance these experiments the oscillatory energy of the electron
to examine both in detail so as to demonstrate their cealulatc,d classically is again of tile orderof 10-3 eV,
differences, In the microwave case, free electrons but tliepituton UflenI_,V thle cas5 of .. -Iy ... errs
gain eaergy-•rev iThe hppi)hAd electromagnetic field as l. 78 eV. Therefore, the os. illatory energy of tile
a result of collisons between the electrons and the elect,'oil is small compared to tile photon enerng, and
atonis or tons of the breakdown gas. For an applied one night expect that the motions of the electron and
oscillatory electric field of amplitude, E, theperiodic its sibsequent iiteraction with atoms in the radiation
force on an electron will be of the order of E times field is governed by quantum effects.
the charge of the electron. '[iTe resulting acceleration During an atomic collision, an electron may exlit a,Ee
of tile electron will then be of order K, where In is photon by the process of Bremnsstrahlung. From de-

In tailed balance considerations, the reverse reaction,
the electron mass. At low pressures where the colli- inverse Breinsstrahlung, must also exist in which a
sion frequency or tile electrons in the gas, P, is much free electron gains energy by absorbing a photon from
less than die radian frequency of the applied field, this the radiation field during a collision with an atonm.
acceleration will be experienced by the electron for a From a detailed calculafion of the energy gained by
time of the order of 1/w and results ill an oscillatory free electrons in an applped electromagnetic field,
component of the electron velocity of Ee The oscil- including an appropriate balance between stinulated

Bremsstrjilung and inverse B1eenisstrahilujig, a nu-

latory encrgy of tue electron Is then A E 1/2mn(AV) 2  m. ,ical result is obtained which is identical with the
E2 2

1, 2m The oscillating electron will make energy gain rate associated with the microwave picture
112(,2 "at low pressures.

collisions '•vith the Oackground gas atoms, clioging DR. SOULES: If you were to apply large dc magnetic
its phase with respect to the applied field. Such a fields into the region in which the breakdown occurs,
collision randomizes the ordered oscillatory motion wouldn't this rather directly sort out these two
of the electrons, and, on the average, the electron processes?
gains an amount of energy equal to AE per collision.
With P collisions per second, tie rat, of power gain DR. HAUGIIT: We have carried out experiments ob-

by tile lectronp, is AEv or P -1/2 E 2e 2 Z Tis serving the breakdown thresholds in magnetic fields
2mi- . Ta' lich as 10, 000 gauss and have found no effect oil

result holds when thie collison frequency is very much the breaudowva threshold.
less than the radian frequency of ,he applied field, that
is at low . ressures. At microwave frequencies, it is DR. SOULE-.: What happens in the microwave case?
possible to have a sufficiently high pressure in the gas
that ,rany collisions occur per oscillation of the elec- DR. HAUGHT: I do not know. PerhapsDr. Meyelrand
iron. Whqie the acceleration of the electron remains could comment on this.
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DR. MEYERAND: To produce any appreciable effect, much higher than the photon energy be emphasized.
sufficiently high magnetic fields would be required For electron energies below 1.7 eV, stimulated
that the gyro-frequency of the electrons becomes Bremsstralhlung emission of a ruby laser frequency
compa,,rable to the radian frequency of the incident photon is not possible; and, in this case, the energy
electromagnetic fields. Such fields would be of the absorption results differ considerably from those ob-
crder of hundreds of kilogauss. For lower magnetic tained from the microwave picture.
fields and at gas pressures above atmospheric, the
electron collision frequency is sufficiently high that DR. HAUGHT: Such an effect will result in a rapid
the trajectories of the electrons are a series of initial energy input to the electrons and lead lo a
straight lines and no magnetic field effect would be faster early heating than would! be expected on the
expected. basis of the microwave picture. In addition, with opti-

cal frequency incident radiation, rapid photoexcitation
DR. HAUGHT: It should be pointed out that while the and eventually photoionization can occur once the
30, 000 gauss sounds like an extremely high magnetic electron reaches the first excited state of tile atom.
field, it is, in fact, very nearly equal tothe oscillating However, at microwave frequencies the gap between
magnetic field associated with the focused optical energy levels in the atom is very much larger than
radiation. An electron in a plane electromagnetic the microwave photon energy, andsuchrapidexcitation
wave will interact primarily with the electric field of and ionization does not occur. Here again is a distinct
the applied radiation, and any interaction with the mag- difference between the microwave and opticalfrequency
netic portion of the incident wave will be smaller than regimes.
this by afactor of v/c, where v is the electron velocity.
Thus, for electrons with energies even as high as 10 At microwave frequencies, the br- ikdown threshold
eV, the effect of a 30, 000 gauss magnetic field is neg- electric field at low pressures varies as one over the
ligible compared with the electric field portion of the square root of the gas pressure and at high pressures
applied optical radiation. varies directly as the square root of pressure for a

given rate of power input, assuming no loss processes.
DR. SOULES: My thought was that the application of a If diffusion losses are present, the breakdown threshold
magnetic field would sort out or differentiate any micro- at low pressures decreases inversely as the pressure.
wave type intern .tions. At high pressures the major energy loss mechanism

is that resulting from elastic collisions between the
DR. HAUGHT: I do not think that with reasonable electrons a}d gas atoms and results in a threshold
magnetic fields any such sorting out would occur; and, electric fie!d which varies directly as the pressure.
in fact, as will be discussed, such a differentiation is The decreasing breakdown threshold as a function of
really not necessP, ry. pressure at low gas densities, where P << tw, coupled

with the increasing pressure dependence of the thres-
DR. KIDDER: These two processes. microwave ab- hold at high pressures, where v >> w, results in a
sorption mid inverseBremsstrahlungenergy absorption minimum in the electric field required for breakdown.
are, I think, tthe same thing. I guess other people are The minimum occurs at the point where the collision
going to sity that. in fact, we have doric free-free frequency in tie gas is equal to the radianfrequency of
absorption calculations at optical frequency for helium, the applied electromagnetic field. This condition ex-
and the way we did it was to make use of very good trapolated to tile optical frequency gas would require
elastic scattering '-alculations and use phase shift a gas pressure of theorder of 30, 000psi, substantially
methods. Under certain conditions, it can be shown above the measurements which we have conducted
that a calculation of free-free absorption, which you to date.
call inverse Brems itrahlung, at optical frequency
amounts to a calculation of microwave absorption. As shown in Figure 5, at optical frequencies thebreak-
There is a regime wnere they are essentially the down threshold electric field varies approximately as
same process. one over the square root of the gas pressure, which

would suggest that diffusion losses do not play a signi-
DR. HAUGHT: They are indeed the same process. ficant role in the development of optical frequency
However, I think that ir is important to draw a distine- breakdown over the pressui e regime of our studies.
tion between th-t picture of the two cases. At miLro- Experimental measurements have been made to test
wave frequencies one thinks of phase mixiing collisions this conclusion, and it has been found that this is, in
and physical oscillation of the electrons in the applied fact, not the case The magnitude of any diffusion
magnetic field. In the optical frequepcy case, one no losses present will va: - as the surface-to-volume ratil
longer considers the existence of such elcctron osil- of fhe region in whihi the breakdownoccurs and can be
lations and the collisions themselves are viewed bi an changed t• vtrying 'be focal volume of the breakdown.
entirely different fashion. At low pressures and jr, our -xperiments, the focaL volume within whichi the
electron energies greater than the photon energy, the breakdown is formed has been varied and the break-
numerical results obtained are the same, and, under down threshold electric ficid streagths examined as a
these circumstances, the physics involvedinthg micro- function -if t•a dinoensiont. of the ree,tl volume for a
wave and opticalfrequency regimes arebasically ident- giver, gas at a fixed pressure. If d.ffusion ,,tsses aýz,
ical. However, the picture of the process in tile two ntut important in tile development of breakdo'tn, then it
cases has relevance in Consideiing th, pressure de- would be expected that the threshold electric fieldwouMl
penJence of the breakdown aL optical frequencies for ex- be independent of the size of the focal region.
tremely high densities and also in deterni1itngwhether
or not a minimum in the breakdowr threshold exists at The dimiensions of the focal region, as discussed be-
optical frequenciez as if does iM tht microwave case. fore, are given by the product of the focal length of

the focusing lens and the divergence of the incident
DR. MEYERAND: Should nci the distinction between laser radiation. The divergence of the laser beam
electron energies that are very low and those that are remains essentially cor.stant from pulse to pulse, and
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the dimensions of the br', "•kdown region can be simply determined is the significant one for testing proposed
varied by changing the focal length of the lens used to theories of the optical frequency breakdown process.
,focus the radiation. Experimentally, over a range of
lens focal lengths from 3 to 7 cmn, the threshold elec- ,Measurements have been made of the electric field
tric field required for breakdown decreases with lens strength required for breakdown as a function of the
focal length. A higher electric field strength is re- frequency of the incident radiation using both ruby and
quired for breakdown within the smaller focal regions, neodymium laser radiation. With ruby incident radia-'
indicating that diffusion-like losses play a significant tion, the breakdown field strength varied approximately
role in the development of the optical frequency break- as the square, oot of pressure over the rangefrom one
down over the pressure volume regimne studies. atmosphere t(, 2000 psi. With neodymium incident

radiation, a similar dependence of the breakdown thres-
For the case where diffusion losses dominate, the hold on gas pressure was observed, and it was deter-
breakdown threshold electric field should vary as the mined that the breakdown field strength for a given gas
reciprocal of the lens focal length. Experimentally, vjnd pressure ties slightly below that required for ruby
however, the threshold electric field varies inversely tadiation.
as the 0. 6 power of the lens focal length. It is pos- The neodymium laser beam used in our experimnniis
sible that this 0. 6 power focal length dependence has a divergence somewhat less than that of the ruby
corresponds to breakdown near the minimum in the radiation, and the diffusion loss effects associated
breakdown threshold curve. At microwave frequen- with the smaller neod.mium spot size has been taken
cies, the breakdown threshold curve differs ap- into account in these measurements. The measure-
preciably from the asymptotic low-pressure and ments from which this correction is derived, however,
high-pressure dependences over a pressure range of have been made at present only for atmospheric pres-
only one or two orders of magnitude. The measure- sure breakdown, and it is uncertain whether the same
mentsthatwehavemadeatopticalfrequencies, however, diffusion loss correction would apply at the higher
span more than two orders of magnitude in pressure pressures. Measurements are currently in progress
and are yet more than a factor of ten in pressure to determine the focal spot size corrections required
below that at which the collision frequency equals the at higher pressures, and, on the basis of these meas-
radian frequency r- the applied field. It would appear urements, a more valid comparison of the neodymium
then that the preý - dependence of the brieakdown and ruby radiation results will be made.
threshold at opticn. quencies is substantially dif-
ferent from that obtained in thc microwave case. and The neodymianm laser output is at a lower frequency
further measurements of the effects of diffusion-like than that from the ruby, and, as predicted by the
losses on the breakdown are necessary. In our ex- inverse Bremsstrahlung picture of the breakdown
perimenits, we plan to extend these measurements to process, fhe threshold electrio field for bi'eakdown
still longer focal lengths until tile breakdown thres- should scale inversely with the frequi;,.y 3ý the ap-
hold electric field no longer decreases with increasing plied field. Experimentally, the neodymium break-
focal volume; i. e., the point at which diffusion-like down threshold lies below Vat for ruby incident
losses ire not longer significant in the development radiation, and the -ratio of thethresheld elect-rie-lds
of brheakdnm Sinc e the m-ragnit-u-iv Wr the ibs,3es is is in substantial agreement with the ratio of the fre-
not known, the loss-free breakdown threshold thus quencies of the neodymium to ruby laser radiations.
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MODERATOR BYRNE: Were there any further coin- Let's skip that point for the moment and discuss what
ments? Then Dr. Phelps from the Westinghouse Lab happens after we get this first electron. According to
at Pittsburgh, I believe, has a few comments, the electron impct mechanism, the first electron will

gain energy from the radiation field, will excite or
DR. A. V. PHELPS: in this discussion I will concen- ionize an atom or molecule. When ionization occurs,
trate primarily on the theoretical questions associa- we have two electrons. These two electrons collide,
ted with the breakdown of gases by lasers, produce four, and we hive an electron avalanche type

mechanism.
As Dr. Haught indicated, several mechanisms have
been proposed for ionization of the gas processes We expect that the electron dmnsihy will -tart off at
which I have come to calldirect ionization processes, some value corresponding to roughly one electron in
These include photoionization, multiphoton ionization, the focal volume.. Nuw, the focal volume is of the
and electric field stripping. The last two are usually order of 10-5 cubic centimeters in these experiments,
called nonlinear processes. so that one electron corresponds to an initial density

of around 105 cmn 3 . This is shown in Slide 1.
People in the field are satisfied with the terminology
"nonlinear" for these processes but as soon as you IdeaI,zed model of laser induced breakdowna

get out of the field it bothers people considerably. We 1022 - ,
had a whole session on nonlinear processes this morn-
ing, so we are then to consider this possibility. 1020- Gas Density

A second type of process with which we are very fa-
miliar in the field of gaseous breakdown is that of 1018,.
electron impact induced processes. Photon Absorp.t,on r,a

Some of the arguments re garding the relative impor- !016 Elect,on-Ian CoId-ois

tance of these have been given by Dr. Faught. I would
like to summarize briefly by saying that to me the

principal arguments which indicate that the bulk of 1014
the ionization is not due to the direct interaction of
the photons with the gas by some multiphotonphoto- 1 lol

ionization or stripping process are -t) the small in-
crease of laser intensity required to break down argon
relative to helium, and b) the relatively rapid variation 1 i012
in the threshold intensity required to break down the Electron Avalonche Ion,izaton:

.s. As Dr. Haught indicated, the threshold varies Absorption via Electron
roughly as the inverse square root of the pressure, 10 Neutral Collisios

If we were dealing with a mnultiphoton process, for
C1Xv_,_%mnn one- nnrf --any .would e,'ia --------w--------o- of-. /
threshold intensity of the laser with pressure. This 166

has been discussed by Tozer. We therefore believe
that tile bulk of the ionization is probably by some 104 - - Intating Electro, by
other process, and the question we have teen asking I Non I,near Proress

is, can one account for the bulk of the ionization by 102l JJi J I I
an electron impact process. 20 0 20 40 1.0 14 100 120

T,n,e ,,,in.%Pr~onJs1

ft turns out that one in general cannot account for the
bulk of the ionization by the normal electron impact If we have :.-, electron avalanche ionization process.,
ionization process il the sense of ionization directly we expect a density to increase, we eventually grt
[rum tile ground state. However, if one considers to the point wherc we find that the meclanism of ab-
ionization as a two-step process in which one first sorption of energy changes from the free-free absorp-
excites the atom or molecule to some excited level, lion Involving neutrf'•l3irticles tu one Ilvolving ions.
then photolonizes from that level, one can account for Because of the larger cross section for electron-ion
tile ionization. When I say that, I mean that all of the scattering, once thie ,gas is more tihan about 0. 1%
experimental data available to me at tills thie is con- Ionized, ene expects a very sudden increase il the
sistent with ionization rates which fall between these rate of aosorptlon of e~ierg;y and presumablya corre-
two limits. spondingly rapid Increase In the rate of ionization of

the gas.
Let's look at the model which we will use to talk about
laser breakdown in gases. This is a rather-idealized Our interest, then, In discussing the electron ava-
model. I assume that our laser intensity is zero up lanche process Is to follow the electron density from
to time equal zero, and is constant from there on. It the point of Initiation up to the poIoilt of this very
is not ald this i1. a source of a great deal of difficulty rapid absorption.
in ar lyzing the data. Once we have reached this point, the gas is effectively

broken down. There are lots of interesting processes
If we are going to use electron impact ionization or occurring at the high fractioal it lizations, but we
excitation followed by photolonization to account for are not going to consider them.
the results, we need all electron to start things off.
This electron may be residual in the gas; Idon't-think Now, I have left out several complications which we
it is, but it may be. This electron may be produced have Investigated briefly. One of them'is that as the'
by the laser, electron density increases, we produce positive tons.
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This begins to set up space charge fields. Eventually the Holtzmark model for scattering be accurate, but
the density reaches the pointwhere the Debeye length that the calculation provide a comparison of the crossý
is comparable with the size of the focal radlus, and section obtained by a proper integration of the wave
so there is a reduction in thc loss of electrons by function and the cross section one gets usingHolstein's
diffusion. If diffusion is an important loss mechanism, theory. It turns out Holstein's theory is very good. I
the decreased loss will cause the electron density to therefore feel that we know free-free absorption co-
rise more rapidly. We will neglect this effect in this efficients quite well. Uncertainties in the cross see-
discussion today. tions may be ten percent or twenty percent. This is

probably as w.0, as they can: ever be known from
Let's now consider in detail the process by which th, theory. Maybe somebody will hink up an experimnent
electrons gain energy and ionize the gas. I would like to check them directly.
to do this by showing first the results of some theortet-
ical calculations of thefree-free absorption coefficient I have also shown in Slide 2 the stimulated emissionin thle case for helium. Ihv losoni ld h tmltdeiso

cross sections which, of course, have to be taken into
In Slide 2 1 have shown several approximations which account in the laser problem.

have been used in discussing free-free absorption.
The curve marked (1) is whal, I call the astrophysi- Now that we have what we believe is an accurate free-
cist's way of doing it. In the past, it has been cus- free absorption coefficient, we want to use this to
tomary to reduce the results to an equivalent ionic calculate the rate of energy gained by the electrons
charge, and, to expressthe cross section for the and the corresponding rates of electron excitation and
process. ionization. I won't go into details. Basically this in-

en stimulated emission volves setting up the Boltzmann transport eqeation,
for eletrons in helium substituting in the free-free absorption cross section,

programming for computer, putting in realistic elec-
,Arp-.x,.,mrii, tron scattering cross sections (which we have previ-
It Hem Ee . Charge ouslv del ived in other connections), and calculating
21 Some,-,0 the excitation and ionization coefficients.

For those not familiar with this, in general what one
6 o bs. - / does is to set up a continuity equatioa in energy space,

and solve this equation for the electron energy distri-
bution function which in general falls off with increas-
ing electron energy.

Emission -"An inportant question to be answered by these cal-
culations is the applicability of the results of micro-Absop-X wa-v, bretakdown foiy wo tihisprobien. . Dr. i.ghS10 Absorpi..•n \ . . "" .............. fli.Ha g

T - has discussed some aspects of the question of com-
131 parison with microwave theory.

The appropriate scaling parameter in theory is the
(; ratio of the electric field strength calculated from the

______I __II _ I_ _._-___ ._ J laser intensity to the angular frequency of the optical
10 1 0 1o02 radiation. The proposal of the proponents of the

Elecdruo Energy (eV) microwave theory is utat if we take the correct value

If one assuru.s that this effective charge were iude- of this ratio, substitute into the microwave teory,
we can calculate the rates of ionization and so forthpendent of tihe electron energy, then one would find wihoenest opt radw odtos

that absorption cross section in a typical electron-ion which one needs to cowephavte breakdoen conditions.
fashondropin wit inreaingenery. oweer, Therefore, what we have done is to make compart-fashion, dropping with increasing ener'gy. However, sons of the more exact theory with a microwave

this is not the case in neutral gases. The absorption theory unth s s n cr.

coefficient has been calculated at very low energies, theory using this same scaling factor.

starting with Charndrasekar and Breen, then Somer- Now, the distribution function in the microwave case
vylle, and more recently Holstein. Holstein has turns out to be a mnonotor'cailydecreasing function of
shown that the free-free absorption coefficientis electron energy, with no particularly interesting
very simply related to the cross section for nmomen- structure. When one puts in thefinite photon energy
turn transverse scattering. If one knows thatcross of the optical case, one finds that the distribution
section from theory or experiment, one can calcu- lunctions for helium and argon have some small oscil-
late directly this cross section. The curve labeled lations near zero energy and a few more starting at
(3) shows the calculated cross section for helium, the excitation potential. Other than that it's very close

to that calculated using the microwave theory.
The work of Somerville suggests a slightly lower
curve (2) but 1 don't think in this stage ten percent is To calculate excitation lnd ionization ratea, we mul-
going to bother anybody. Dr. Kidder mentioned that tiply the distribution function times the cross section
they had done calculations in helium using phase and velocity and carry out an integration over energy
shifts for free-free absorption coefficient, space. The rates of excitationand ionization colli-

Dr. Ashkin of our laboratory has just completed sions are shown in Slide 3. Here we show for helium

some calculations using the Holtzmark model for the excitation and ionization frequencies (the rate per
argon In order to check the Holstein theory. It's unit time per atom) as a function of the parameter elec-
not intended that the cross sections calculated using tric field strength to angular frequency. The square
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points are calculated using microwave theory, thatis, of production required to build up the ionization so as
making the assumption that the photon energ.y is so to essentially completely ionize the gas.
small that we use the classical theory of electron
acceleration. If we use the cross sections which I The continuity equation which we have to consider is
have just presented for optical photons, one calcu-
lates the circular points. We see that they agree to 2n
within the accuracy of the calculation. t I x ý I in - D V211

E.-s , n,, ond ,niz.]tf,, lrequencies for I h, Here n is the electron density, vx and Vi are the ex-
1, h9Ih , citation and ionization coefficients, and D is the elec-

I // fI / I ;I I itron diffusion coefficient.

It's difficult to solve this equation to any degree of
precision; just within the last few months it dawned

/ - on one of our mathematicians that this equation can be
/ reduced to the Schrbdinger equation and that therefore

10 -0 techniques for solution are available in many, many- ~books. We are currently in tihe process of trying to
take advantage of this. So far we have used the ap-

- proximate solution used by those concerned with high
V N power radar transmission. Hera one essentially con-

siders that one has a circular beam of energypassing
through a gas and that there is an absorbing boundary
essentially at the edge of the radar beam. Unfortu-
nately in cylindrical geometry thisapproximation leads
to an error which could be serious, namely, it pre-

otadicts a threshold for breakdowng.

SC. W. telstrom of our laboratory has shown that if
S10 12 -one solves the continuity equation in cylindrical geom-

etry, one finds that there is no threshold for break-
down in the true sense. One always gets some rate
of growlth of ionization.

O 69.3 A Photons -For our present purposes we replace the diffusion
term by a difusion coefficient divided by a square of

10 13 - " 0 ,cowe Photos the diffusion length. Tie diffusion length is the radius
divided by 2. 405, the first root of the Bessel function.

I We then assume that the electron density, increases~
F.. ... " exponentially with time and calc-ulate -the exponent in

I II the growth equation. This solution can be used along
-1 with our condition that the electron density grow from110 14 1 1 }I l III abou t 10 c- to thaio a completely Ionized gas to

10 1o 10-9 107 calculate the time required for breakdowns.

E (t NVsec carIn Slide 4 I have shown some calculations of the time

required for breakdown in helium at one atmosphere
and for a 10" 2 cm radius focal spot. As shown by the

Therefore, even though one may be unhappy withsome left hand dashed curveb the predicted threshold in this
of the concepts of the microwave theory applied to the case is around 5 x 101v watts per square centimeter
optical regime, we feel that we have shown that a when we assume that excitation is followed by photo-
properly scaled microwave theory, using the param- ionization. If we assume thatonly direct ionization is
eter E/w uoes lead to the correct rates of excitation important, we obtain the right-hand dashed curved.
and ionization. The solid curves of Slide 4 show curves of the break-

down times with no diffusion. Thre expected values
Now, in any comparison with experiments, in partic- lie between these curves because of the possible effects
ular in the optical region, we have to worry about this of space charge and the errors in solution of the dif-
possibility of multiphoton processes. We feel that the fusion equation.
evidence available atpresent strongly favors the pres-
ence of multiphoton photo-ionization of excited states. Unfortunately, I do not have a slide of any of the ex-
By that I mean that the evidence suggests that if an perimental data obtained by Waynanf and Ramsey. I
electron excites an atom to the first excited state, can chow peopoe aftrrwards a drawing for the case of
then three photon photoionization occurs very rapidly, argon. It turns otut chat for argot. with a 3. 3 centi-

meter focal length lens, the agreement between theory
We have obtained what we feel is direct evidence for and experiment is good, probably better than we should
this in the form of observations of broadening of spec- expect. For the longer focal length lenses, the agree-
tral lines during the laser pulse. However, this in- ment is not so good.
formation has not been made very quantitative yet.

I should point out that we have had a great deal of dif-
Now that we know rates of production of electrons, we ficulty with changing laser intensity patterns. It has
have to balance this against a loss rate and the rate been extremely difficult to keep our calibrations at
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all believable, and calibration has really occupied a This slide is of significance in showing first that we
large fraction of the experhientalist's time. Some of do have the ability to measure the time required for
tile changes in beam divergence call be eliminated by breakdown to occur and, secondly, we do have the
using a more modern flash lamp and reflector. In difficulty of multimoding in the laser. This also
spite of these difficulties, I believe the data obtained shows up in a very horrible spatial distribution of in-
by Waynant and Ranmsey represent a marked improve- tensity. Waynant and Rlamsey have taken pictures of
ment in techniques and results over that available focal spots using XR film. If these are printed on
previously. high contrast paper, the pattern looks like a nebula

or something. It's just horrible as far ac analysis is
concerned. I hope that some day somebody can come

41 up with a technique for producing a more uniform
T " . , spatial distribution.

k Optical data onl breakdown times is shown in Slide 6.
Here we plotted the time required for breakdown as
afunctionof the laserenergy. The total laser energy

\I is also a measure of the peak Intensity of the laser,-\ since the half width of the pulse is fixed. The tihae
" ", .. .shown here is arbitrary in the sense that zero is de-

11 ýdr 1, '-termined by the synchronization of the oscilloscope.

.The important point is that breakdown may occur be-
lore or after the peak in tile laser pulse. On occasion
one gets a breakdown at times as large as 180 nano-
seconds. The threshold is determined then by finding

- .. , the minimum intensity or minimum energy which will
S,, 5 •.- lead to breakdown.

W.~ Thle data of Slide 6 also shows the effect to the appli-
cation of a dc field across the breakdown region. We find
a thousand volts applied'across about a centimeter and a
halfat atmospheric pressure has.no effect. Thisis the](}f1 011 17 2 01,

, r . . kind of data that one needs for comparison with theory be-
, , , , .,...... .... ,,., cause it call be compared with the calculations that

wore shown previously in Slide 4.

Now, a rather significant point to be made on the basis
A second point is that the laser intensity is not con- of the data of Slide 6 is that if one considers a given
stant: with time assumed in this calculation. One has laser energy, the spread in breakdown times is
to Lake into account the time variation of the laser rather small. T' ;s, we feel, is evidence that the
pulse. We are working onl this. ...it.at.on of the discharge is the resuilt of a direct

interaction of the laser energy with the neutral par-
So far I have discussed what we thinkc we understand. ticles presumably nmultiphoton ph )ionization if the
Now, I would like to discuss one of die things we don't main gas or of imnpurites. One L account for a
understand. This has to do with the problem of initia- portion of the scatter which one sees in Slide 6 on the
tion of the growth of ionization. Before I do that, I basis of tile nonuniform and nonreproducible laser
would like to show a typical laserpulse and an obser- patterns discussed previously. However, some of
vation of breakdown. the spread is probably due to statistical effects to be

On the left of Slide 5 is shown a photograph of the laser discussed below.

output as taken with a diode and oscilloscope with a Note that I do not believe that multiphoton processes
two-tenths nanosecond time resolution. A typical call account for tile bulk of the ionization. I don't
laser pulse In our experiments has a half width about think there is a factor of a hundred error in intensity
90 nanoseconds. as proposed recently in Physical Review Letters by

Goldmid Beeb. They proposed that all of the observed
ionization wa3 due to a multiphoton process and dihat
the reason 'they didn't get a check between this theory

and the experimcent was that the experimental Incas-
urements of peak intensity were oft by a factor of a

hundred due to no'nainfornifties. There may be fac-
tors of two error .' the peak intensity.

Finally, onl SYcl' r' I would like to try to present some
of the argur-,ents whicl. lead to a prediction of a nar-
row spreat, in breakdown time when the initiation
process is a nonlinear, or direct one. At the top of
the slide the solid line irlicates an idealized schematic

On the right-hand side of Slide 5 we have shown the of the laser intensity as a function of time. If we
effect of breakdown on the laser energy transmitted assume that the initiating electrons are produced by

a msultiphoton process, then the probability per unit
through argon. Argon is one of tihe gases that shows time of producing such an electron will vary as
the sharpest onset of breakdown. It is Indeed quite some high power of the laser intensity. This leads
sharp with this time resolution. In some gases, such to a probability per unit time cf production of iniitia-
as helium at atmospheric pressure, one has a great ting electrons, such as indicaled by the broken curves
deal of difficulty observing the absorption, in the top graph.
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The remaining two drawings onl Slide '7 are ontencied to
show what one predicts for the iprobability that the
initiating electron will be produced at a certain time
during the laser pulse. If the growth r~equired zero P (t I A").~
time, then this would be the time of breakdown. For 10
the present we wvill assume that this Is a good P A~ 1 1 6

approximation. 5N
At the lowest intensity the Integral under the curve of AM it

prt 'ability of electron production is unlity. In other
words, on the average the laser produces one initiating 0 I 0 s 2 6 o
electron. In thils case we find that the probability of 04 -000 120 2

breakdown after time decreases with incrcazi'lg time (

and levels off at about 0. 6 as shown by the 1 ddle ciet P.obod.hty .1 1 t

of curves. In other' words, about a third n Af. tile time ft., \ A 10a,... I
011e doesn't see b~reakdown. If the laser Intensity is 5 018

raised by something like tw'onty percent, about five C~t) 5 '\, 4 00x 107 sac 1 2050

electrons are p~roduced per pulse. Tilis gives a rather I - .------

timp ecwhichociurshe poarbh mji~lty of itationeafte -.- Am 2x08al
shirp dechcruas nea ti he moax~iity m of intieillafter to 8 1250 1ý0 2
pulse. If tile laser onergy is dnubled, ab~out two thou- t N sut

sanld Plectrons are produced per I)ulsL, and the curve
rep eselltillg the probibility of initiation is shlifted to N'abubdIly ti

0tuI-dt... 2 .
ea-Aier tinmes. fltwouI nd ut dt

The derivatives of the mliddle curves give tile proba-
bility that inlitiation will occur between t and t plus A t __ I
and are shown in tile lowest set of curves. From these at

curves we predict a rathler nlarrow spread in tile time
of initiation, i. e. , some five nlanoseconds in tile case
of our nlinety nanosecond half width laser pulse. Tile 0 '10 12 N 6 200

tille requtred for tile growth of the ionization has to be C.4.1.1u I iwa proI~obdry 0 1 lose, i-t .0 Id'-u 1-1-1tIruo

added onlto this tinle to find the time of b~reakdown,,,lu nfud0.u
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Dr. flaught raised the question of the statistics of the DR. PHELPS: If the spectrometer is set a few hundred
growth of ionization. We have investigated this using Angstroms from the center the intensity is very small.
somewhat simplified modelF for the free-freeabsorp-
tion and theelectroa 'ollision cross section. It is our DR. McCLUNG: There are still a lot of questions.
conclusion that although tl'ere may be a large statis-
tical fluctuation in the time required for one electron DR. PHELPS: That's why I say it's not publishable
to gain enough energy to ionize, the face that the ava- today.
lanche consists of a series of about 30 ionization events
reduces 'the fluctuation in the breakdown time consid- DR. McCLUNG: Tell me more about your laser later,
erably. In the case of helium one might expect as and I will see if I can offer a few suggestions.
much as twenty percent fluctuation in the time required
for tihe electron density to grow to the value required DRI PHELPS: This particular laser represented the
for the observation of breakdown. This value is prob.- state of the art at the time the project was started,
ably too large because it was based on the time history bu, certainly could be brought up to date. However,
of a single electron and does not take into account the scme development would be necessary to obtain a
averaging effect of the large number of electrons desirable pattern.
produced in the latter stages of the avalanche. So I
think the statistical effects in a gas like helium will DR. CULVER This absorption at high pressures in
in the growth be smaller than, say twenty percent. air apparently takes place when you do not have
In, a very low ionization pokential gas using ruby, they breakdowns.
could be quite large.

DR. PHELPS: Right,, prior to breakdown. If you
We have investigated a number of other problems, but raise the laser intensity slightly higher the trans-
I won't have time to discuss them in detail here. We mitted intensity wvould show a typical breakdown
have investigated the effects of transients on the elec- dropoff.
tron energy distribution function. I mentioned that
we had investigated better solutions of the diffusion DR. CULVER: This corresponds to an apreciable
equation and that we had obtained evidence for non- absorption out of the beam in the small volume of the
linear ionization of excited states. This broadening focus, and would apparently give rise to'an increase
of spectial lines by the laser is very important when in pressure that United Aircraft would measure on
one considers the amount of light emitted by the the manometer, for instance. This goes actually to
plasma while the laser pulse is on. If the laser re- heating the air in that region, is that right?
Juceb the excited state lifetime of about 10-10 see
then the amount of radiation emitted in the normal DR. PHELPS: So far as we know. This is an obsez -
radiation process with a lifetime of, say, 10-8 see is ration which We came across when we were looking
reduced by some four orders of magnitude, at the --

Another interesting nonlinear effect is that in air at DR. CULVER: It's not the scattering of the beam?
high pressures, one qobse •ves al. absonr tinn , off the ........ .
laser energy which is a cumulative process. This DR. PHELPS: It could be. We did not have sufficieot>
process is in addition to the breakdown process, money to investigate this effect further.
Breakdown occurs at higher power levels and under
these conditions produces a much sharper decrease in DR. CULVER The way your drawing corresponds to
transmitted intensity. One possibility is the produc- thousands of joules per cubic centimeter.
lion of an absorbing species by the laser. I should
point out that the experimental work by Waynant and DR. PHELPS: It's a high intensity, there's no question
Ramsey and the initial phases of the theoretical work about it.
were carried out under Contract AF30(602)-3332 with
the Rome Air Force Development Center. DR. HAUGHT: In one of your slides you showed a

substantial time delay between the start of the incident
MODERATOR BYRNE: Any questions? giant pulse and the initiation of the breakdown -- a

delay which you attribute to a wait for the first clec-
DR. FRED McCLUNG: A question on the broadening tron to be produced by a multiphotonprocess involving
of spectral lines. Areyou looking at the spectral lines either the background gas or impurities.
iiring the emission process that occurs as the result

of the ionization, or are you somehow or other trying DR. PHELPS: Yes, you are referring to the last slide
to do this by excitation or some other means? on which the results of our theoretical calculations

were shown. They Indicate that when the laser inten-
DR. PHELPS: We used an IT & T diode to observe sity is low enough there can be an appreciable delay
the output of a spectrometer. At the center of the line due to the requirement of producing the first electron.
one finds that the lightoutputbuildsup during the laser There 1,j, in fact, some very indirect experimental
pulse and then decays slowly with time. When the eviden that this may be occurring for breakdowns
spectrometer is shifted 50 A the amplitude is reduced at high gas pressures and low laser intensities. The
but the time dependence Is unchanged. At 100 A from whole problem of this nonlinear process is that we
the line center the intensity drops off with the laser have no idea what species are involved.
pulse. The experiment that we would like to do in-
volves a smear camera picture of the output of the DR. HAUGHT: That is correct, In fact, that is pre-
spectrometer as a function of time. cisely the point I wish to make here. At atmospheric

pressure, there are present in the focI region where
DR. McCLUNG: It sounds like you have a black body the breakdown first develops some 10 gas atoms.
continually running during the laser pulse itself. The gases used in the experiments have purities no
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better than one part in 106, and, therefore, wi thinathe determining the absorption of an optical beam and is,
breakdown volume there are some 109 impurity atoms in any case, of basic theoretical importance in under-
which may include a substantial fraction of easily standing the interaction of optical radiation with
ionized sodiumatoms from fingerprints, perspiration, plasmas. In think that at least on these points we are
or other coItamination sources, in agreement.

We have carried out some experiments in which a co- DR. PHELPS: Iwould like to comment on Dr. Haught's
bal 60 radiation source was used to irradiate the focal remarks concerning effects to be observed when the
region under circumnstances which would produce a electron collision frequency is approximately equalto
quantity of initial electrons within the focal region. In the angular frequency of the radiation. On the basi,
these experiments, we found that the cobalt irradiation of microwave theory, one predicts an increase in the
had no effect whatsoever on the time delay required field strength necessary for breakdown at high pres-
for the development of breakdown. This indicates that sures. It has been pointed out to me by Holstein
the gas had selected for itself a reaction process both (whom you will recognize as my chief mentor in this
for producing the initial ionization and initiating the buisness) that when one gets to this high gas density
avalanche and that the presence or absence of a few region and one has to worry about quantum effects,
additional initial electrons introduced by the cobalt then one is lost. Because what one is asking for is a
radiation source made no difference whatsoever, quantum transport theory for hot electrons. At pres-
These results indicate that the formationofthe initial ent there is no useful theory. The difficulty arises
electron is not the rate limiting step in the development from the fact that in this region we are dealing with
of the breakdown. Suffick nt impurities are present multiple collisions in which the electron wavelength
to provide the initial electrons required for the ava- is comparable with the space between atoms.
lIa, •he process. This means that, Contrary towvhat I have seen in some
DR. PHELPS: That is why I claim we will never reports, the increasing threshold with density pre-
understand this process until we put in a mass spec- dicted by the microwave theory is not an indication of
trometer, which is what we would like to do. error in the microwave theory. It is probably the

only thing we have now that will even come close to
DR. MEYERAND: I would like to make a couple of predicting what will happen in these high densities.
comments emphasizing in particular the areas of This failure of present quantum theories to predict
agreement between the Westinghouse work and that this effect should be regarded as a deficiency in the
carried oilt at United Aircraft. First of all, we are quantum theory.
agreed that an avalanche process involving electron-
atom ionizing collisions is responsible for producing MODERATOR BYRNE: Any further comments?
the bulk of the ionization, This is in distinction to the
views of some who are still adhering to the direct DR. DAW: I wondered, what about the initial emnis-
mechanisms as Dr. Phelps calls them. We feel, as sions from the breakdnwn, particularly in tle ultra-
do the Westinghouse ,eople, that the great bulk of violet region, the photographs I believe that Dr.
data favors the e)ectoon impact cascade mechanism. Haught was speaking about in which tie showed the
Tht lizi1-lnportant 1.1_ predictiag the rate of bufl-d up Of en.sin oln rmth 'ek"'arg~l
the ionization. Secondly, we feel that an atom is
rapidly excited by photoexcitation and photoionization DR. HAUGHT: Thatwas in the --- We have not made
prnce'sses after it has been raised to an excited~state, measurements in the ultraviolet.
Thils too is important in pi edicting the rate and inag-
nitude of the ionization occurring. Thirdly, we feel DR. DAW: Then both, I think, indicated thiV had
that the question of where the first eLitron arises current collectors on the device. Did this make any
is as yet an unresolved problem. Dr. Phielps has difference in the breakdown when you were pulling
tried to remove any residual electrons present in tile electrons out?
gas and has observed no effect on the ionization time
delay. Wc have performed experiments in which we DR. HAUGHT: No, I should have mentioned that we
produce an initial ionization in the gas by a radioactive made these measurements with the electrodes. There
source:. In these experiments again no effect on the were potentials on the electrodes actually drawing the
breakdu,•n is observed. We also agree that when the current, and without the electrodes there, all in prc-
electrons in the breakdown region are hot, that is cisely the same cell, we found no difference wiiatso-
have an energy in excess of the energy of a photon of ever in the breakdown threshold in any of these cases.
the applied field, the balance of photon absorption and
emission processes gives an energy gain rate by the It would be very easy to be just a little bit sloppy and
plasma that, as Dr. Haught said, relates very closely have the laser beam hit one of the electro'des inwhich
to that predicted by the classical microwave picture, case tie presence of that first electron I don't think
For low electron energies, the stimulated emission would be subject to any doubt whatsoever. This was
process cannot occur and the absorption ;nay be quite not the case.
high, much larger than that indicatedby tile classical
mlcrow.ve picture. Since for many plasmas of inter-
est the electron temperature is low, this large inter- MODERATOR BYRNE: Coffee Is available in the back
action cross section can' be extremely Important in of the room. Let's try to start again in ten minutes.
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MODERATOR BYRNE: Now we will leave the subject The sample ruby is also housed in a pumping cavity,
of gas breakdown andgo to refractive index variations and it is also cooled to liquid nitrogen temperature.
within the laser material. This work will be pre- There is also a heating coil associated with it, so
sented by Dr. Izatt and Dr. Daw from New Mexico that the sample ruby can be varied in temperature.
State University. In this case the ruby itself is housed in a sapphire

holder, a little spherical holder, which in turn is
DR. J. IZATT: We are in the process of making clamped into a copper rod that communicates directl)
measurements to determine the effect of optical with the liquid nitrogen.
pumping on optical dispersion in the immediate
vicinity of the RI line in ruby., The procedure for getting data is to illuminate the

interferometers with the gas laser. This forms a set
An obvious first step in doing this is to determine of fringes inboth of the interferometers which are re-
the anomalous dispersion for an unpumped sample, corded on film: We then flash the ruby laser and get
We had expected that when we attempted to do this, a second set of fringes in each interferometer. By
we would find close agreement with weul-understood varying the temperature of the ruby source we scan
physics. We find, however, that our results are a the source temperature in small steps from well
little bit unusual in at least two respects. We would below to wvell above the sample temperature. From
like to describe our experimental procedure in some the reference interferometer ',Ve get informatici on
little detail, and then show results for the unpumped the wavelength shift, and from the ruby etalon infer-
sample in tile hopes that you might be able to offer mation on wavelength and inde.x shifts. We use coni-
some cogent suggestions in the interpretation of this cal Fabry-Perot fringes which were described some
data or indicateplaces in the experimentalprocedure time ago by Tolansky. 1 Instead f illuminating the
where you think uncertainties might be present. interferometer with diffused light from a collimated

beam one has a divergent beam incident on the inter-
I am going to talk about the experiment, and then show ferometer. By this means the hght can be concen-
you some data about the temperattre shift of the trated into a predetermined number of fringes near
output of ruby laser at liquid nitrogen temperature, '1 center of the pattern. We illuminate essentially
an~d then Dr. Daw will talk to you about the index half a dozcn fringes with the light. The interferom-
measurements on an unpumped sample. eter is followed with a lens and photographs are made

in the focal plane of that le:is. We then have fringes
In our experiment we are interested in determining whose spacing obeys the normal Fabry-Perot inter-
index variations interferometrically, that is, by farometer rules. We use a two-meter lens following
measuring fringe shifts in an interferometer. The the etalon so that the positioning of the photographic
equipment is shown schematically in slide one. plates in the focal plane is *t overly critical, and

we get good magnification.
FABRY-
PEROT The output of the ruby iaser is polarized, and we

M Ql F I find that upon rotating the sample we get significant
VLU variation in the quality of the frin ges that are opro

L . -. . . . ueedby it. Norhmially, we align the sample so that
it produces the best quality fringes. We have a pair

SRUBY of quarter-wave plates associated with the gas laser
so that we can rotate its plane of polarization until

L, L we get optimum fringes front it also.
SAMPLE

PROF. SCHAWLOW: What is the orientation of the C
axis of the sample?

I ASE

1/4LA DR. IZATT: It is normal to the cylinder axis.

PLATES-Y PROF. SCHAWLOW: Do you know how it turns out
when you make tile adjustment for best fringe quality?

We have two parallel optical channels. We have two

lasers, a ruby laser and a gas laser, each of which
illuminates two Fabry-P -ot interferometers. The DX. IZATT: Yes, it turns out that the polarization
beams from the sources are directed by folding mir- of the laser is parallel to the C axis. We will show

rors, so that a portion of earhof themis incident oil you some data in a few minutes that shows the differ-
a high quality reference interferometer and also on ence upon rotation of the plane of polarization.
a Fabry-Perot etalon. This etalon consists of a ruby
cylinder one centimeter in diameter and o01e centi- PROF. SCHAWLOW: That may account for your
meter in length. weak effects.

The ruby laser is housed in a cavity in such a way
that it call be cooled to liquid nitrogen temperature. DR IZATT. Yes, we will get to that very shortly.
It has a heating coil associated with it, so that we
can vary its temperature over a r'llge around liquid I believe the first thing, then to be described in
nitrogen temperature. We also 'pump (n the liquid further detail is the wavelength shift with tempera-
nitrogen in order to achieve temperatures lo,'vr than ture. Each time we make aii exposure it is a double
77 degrees. Tile temperature of the source laser is exposure on each plate, From successive exposures
measured by means of a thermocouple. The ruby through the reference channel we get a wavelength
itself is clamped Into a copper rod which communi- shift associated with whatever variation il tempera-
cates directly with the liquid nitrogen. ture there has been at the ruby source,
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(M) SAME
GA 3 ORDER

( 1)I FRI NGES R1 ý I NUMBER

The next slide (Slite 2) shows a typical plate photo- Two of these re.iresent the ground state splitting
graphed through & reference interferometer at in the ruby lasei, that is, they are separated by
liquid nitrogen temperature. The contralmost fringe 0. 38 wave numbers. In making a ty'ical set of
is a gas fringe; note that it is doubled. The other measurements, we take densitometer traces in
gas fringes can be identified by this doubling. In be- four distinct directions across the plates, and
tween successive gas fringes there are four compo- we average the radii that are measured in these
nents representing the output of the ruby laser. directions.
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As you will recognize, in a Fabry-Perot pattern, if number changes. The other data represented by
one takes the squares of the r;,dii of the uuccessive circles was obtained at dry ice temperature.
rings, then the difference in the sqv:ares shouir' be
constant throughout the pattern. If one then divides In both cases we don't have a fix on the actual wave-
the square of the radius of a liven ring by the differ- Jength, but only on the difference in wavelengths
ence in the squares of the radii of successive rings, between successive poiPts. However, it has been
one gets a value for the fractional order number in measured by many people that at liquid nitrogen tem-
the center of the pattern. This procedure can oe re- pej'atare the line occupies a position very close ti
peated for each ring. We get averages over four dif- 6934 angstromns. We have simply fit a smooth curve
ferent directions of scan, and then over five or six tOut fits the curvature of our measured points in both
fringes to compute the fractional order numbcer at o0 Vie regions. The remaining data points were
the center of the pattern. Never in the experiment mneasired by Gibson 3 fifty years ago.
do we make a measurement of the total order number
at the center of the pattern, which is of the order of Slide 5 simply represents an expansion of the scale
50, 000. We measure only changes in the fractional in the liquid nitrogen region where the wavelength
order number. This lends some ambiguity to the units are npw a tenth of an -ingstrom, and shows the
interpretation of our data that will be brought out kind of scatter that occurs in our experiment. The
later. circles and crosses represent the data from which

wavelength positions were determined in order to
Slide 3 represents a similar exposure, but taken now evaluate the index shift datathat we are going to show
at dry ice temperature. There are probably twenty -''u in just a few minutes. As you see, they follow
comnponenLi in the laser output. It was operated as pretty consistently. We have wondered somi if the
close to threshold as possible; however, threshold fine structure in this curvelhas any significance. The
was 71'v higher than at liquid nitrogen temperature, black dots that scatter out further are froma different
In making the wavelength versus, temperature mena- set of data in which only a single pair of components
surements, we simply took the center of gravity was present, that is, a single longitudx.nalmode ef the
of all of the fringes, ruby laser. The fringes were so werAk that the posi-

tion measurements on the fringes became very un-
May we have slide 4, please? certain, andwe got a considerable amnount of scatter.

Those points represent the worst scatter we have
As tar as the temperature measuriiments are con- seen, The total number of points on this graph, each
corned, the data is summarized here. rie data above one of which represents a photographic plate with the
about 200' K was reported in 1961 by Abeila and averaging that I indicated before, is about 1/5 the
Cuniminu. 2 The wavelengths are plotted as a func- total points obtained. They all fall along this same
tion ,jf ruby tempeI:ature. This work was done pri- general curve very closely.
marily above room temperathire, but they also had
points below room temperature which scattered Slide 6 is simply ani expanded pictire of the region
rather widely. These were obtained by actually around dry ice temperature where we have fewer
dipping the ruby into liquid nitrogen, then removing measurements, but once again it gives indiea.-on of
it from tile nitrogen bath, and putting it back into the the agreememt bet.een the points,

Now I want to say just one moi e word about the ordur
The group of points, circles around 100 K, represent number assignment. The problem in looking at the
points that we have measured. In the case of tile teni- fringe patterns is that we aimply measure the change
perature measurements, thcre is no ambiguity in in fractionalorder number from one plate to the next,
assigning the change in order number from one ex- and there muay he integer changes in order number
posure to another. That is to say, if one considered as well. In principle, it might be of almost any
other possible assignments than the one we have magnitude. It's perfectly clear in the case ,of the
made, even those closest to the ones that have been temperature data that the assignment we have made is
made here, would either result in a slope to tills the only reasonable one. However, this represents
curve which is even larger than the slope at room somewhat moreof a problemn in ti.e case of the analy-
temperature, Or in a negative slope. There is thus sis and interpretation of the index shift data, and Iwill
a completely resonable criterion for assigning order sit down now and ask Harold Daw to talk about that.
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PROF. HAROLD DAW: I believe it would be appro- we are dealing, the wavelength shifts with which we
priate before discussing the experimental results to are dealing. the positions of the lines, and the line
sketch on tile board the temperature scales with which half-widths.

Sim.ple / o -
Approx-lrote I Alomple Temperalure (Thermocouple)

R• / I3 2, 813 K
0 1 A0 O5'ý Cr

\ )K R,1 2)

C. . .. r C' , , .,"C". . u'

Lo'v, ' -0 '84 .o 0 184 A gitudial modes
1 1, 1 0 17

IC , i 9 " 2 oo0

00,
E

•.3~ \ rl \ / ) ( 2

S. . . .. 53 - 5-. . .. . -rzr .. ... /1 • . . . . . . . . . . .

iLine wdth- v01 A)

The ground state splitting is about. 38 wave numbers many fractional orde, number changes, and the tern-
or. 18 angstroms. The width of the- lines, is about perature intervals are not all equal. They are about
.1 -angstrom. Our "spectrometer" consists of the 20, but they are not all equal. If one were supposing
ruby laser line in which the wavelength shift mechia- they had large order number changes in addition to
nisrl is the temperature change. The laser line it- fractional order number changes, then the fractional
self has a half-width, somethb.g lebs than .01 wave order numbers should scatter badly. This is due to
number. the fraction on the large order number change, whiclh

would go with different size intervals. We do notfind
It is probaLly not -ight to say we have scanned from that we have large scatter In the points, and therefore
exactly 6933. 9A tv 6934. 5A. We have scanned from must assume that the order number shift is small.
63. 5" K to 101. 91K, and since the sample may be at
some sligbhy different temperature than the center We have mounted our ruby sample in two different
temperatul, of our ruby source, the wavelength re- polarizations, and scanned the same region in the twý,
glen scann'.d could be slid back or forward a few hun- different polarizations. This aids in assigning order
dredths o' an angstrom. number.

Dr. Iza'At has mentioned the problem of order assign- The two lines shown in slide 7 scan the region. In
ments wvhich, in the case of the reference interfer- places the R1 (3/2) line will overlap the region which
ometer, was not difficult to do. has been scanned by the Ri (1/2) line, and so we know

that the order number assignments on on, must agree
In the case of the ruby, we do not really krnow what to with the order number assignment on the other.
do in terms of order assignment. If you argue that
you arc: in the vicinity of rapidly changing index, it is If I could have the next slide, please.

'C' conceivable that from one picture to another you way
change ten order numbers, plus a fraction of an order These are not the pictures Dr. izatt talked about
number, which were taken with the reference Fabry-Perot.

These are Fabry-Perot fringes through our ruby
This is a problem that is not altogether ambiguous etalon. We get fine fringes, but they are of relatively
because we have measured many points, and have low quality compared to fhese obtained; in the reference
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One thing that I want you to notice is that you always
have fringes. Nowhere are the fringes suddenly get-
ting broad and spreading out, yet it is obvious from
Slide 7 we should be somewhere in the regions of the
absorption lines. The absorption coefficient reported
for liquid nitrogen temperature, and we are indebted

40 5 -!0_ U4. .)0400 to Prof. Schawlow 4 for this, iL on the order of
10cm- 1. He tells me there is something more recent
in the Journal of Applied Physics that we have missed
which reports something like ten per centimeter also. 5

If we have a coefficient of absorption of ten per centi-
meter, - believe the number given was thirteen, and

74_.0-W3 6 0 71. 2M 3 60 our sample is a centimeter thick, the first beam is
attenuated by e- 10. The second beam must go back
through the ruby to the other side and be reflected and
come back across, which means it will be reduced in
intensity by e- 2 0 relative to the first beam, and one
will not get very good addition in this case. One
would suppose that not only would the fringes be dim,

-.4 , 380 79.2 380 but that they would be washed out since only the ini-
tial path would be there, if any at all.

interferometer. As an indication of this you can see Let us see Slide 9.
the ground ste splitti,,ne but the lines are fuzzy.

Along the ordinate is the order number assignment
The order number assignment is similar to that shown which we have taken. The changes in wavelength are
in Slide 2. However, the longitudinal, modes are not plotted on the abscissa. There are several sets of
resolved, data on this slide. The crosses are associated with

one of the ffinges, and the circles are associated with
The numbers on the left are the temperatures at which the other fringe resulting from tl" , ground state split-
the photographs were taken, and ihe number' on the ting. The set of data consisting of crosses which. sort
right indicate the numbcr of joules that werc pit into of wiggles is associated with one orientation of the
the flash lamp. Several fringes were measured in ruby, that is one polarization orientation of the C
several different directions to obtain the data that axis of the ruby. The othex set of data falls very
were then used for the next step. nicely in a straight line.
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The order number shifts are small as pointed out the other polarization wi.ere the lines are stronger,
earlier. The order numbers either increase or de- we are seeing an effect. What is left is the effect of
crease. We have assumed the order number increases the absorption line.
by an interger plus a fraction. This results in the
smooth curves shown in the slide. Excuse me. Dr. -Dr. Izatt has plotted some index of refraction curves
Izol have I said something wrong? to compare with the data. The curve in the next slide

is the sum of two dispersion curves for a pair of lines
DR. IZATT: Its not a whole order number increase. separated by . 38cm-I and half width of 0. IA. This
Its a larger change between successive points than If does not represent an attempt to fit the data quanti-
the order number were allowed to decrease. But be- tatively but only to check the general qualitative fo'in.
tween successive points it is less than a whole order And, 1 believe that's the last slide. These are the
number change. points which you just saw on slide 10 plotted against

the sum of the two refractive index curves.
PROF. DAW: We have the fractional order numbers,
and we either take them down or up. I suppose there will be some questions about that. I
DR. IZATT: That's right, will give you an opportunity to ask those in a moment,

I would like to point out that we are not through with
PROF. DAW: Since the measured fractional order this work, but there seems to be at least qualitative
numbers generally decrease, a shift up is larger than agreement.
a shift down, but both are less than a full order num-
ber shift. Since the region scanned by the two lines We can answer the question about the ambiguity in
overlaps, both sets of data must match up. When we order number by changing our temperature intervals
a',sign order numbers such that they do match up, we and making them smaller. This should settle the
uvserve these two curves, and they match up smoothly. question of whether we have whole order number
If we were to assume that the order number decreased, changes or half-order number changes.
the curves would go down. In this case, they do not
match. There are some jogs that simply do not match. It: will not presumably settle the question of whether

or not we can propagate coherent laser radiation
If we assume that it changes by a little more than an through the middle of this strong abs rption. We
order number going down, the curves again do not apparently can, unless one wishes to argue that we
match. We have made no oth.ýr assignments. We do have missed the line entirely.
not suppose there ,re two order changes, since by the
time you get two ý,,-der number changes, tile differ- There are some alternate explanations to why we do
ence in intervals should be enough to begin to produce not observe the strong absorption besides missing
considerable randomness in the points, and we do not the line. We could nos.sihlv be bleachig the sample,
see that. particularly if we had to bleach only in the very nar-

row frequeni ,r region where the laser line is located.
"'here is a problem here. This assignment gives s In which case the light could get through. The rest

lnnpe up tonwnr.a Ionger wn]x•l nimths. and that.'s.a of the 1ine (unhlearhed) cnntribunte.g tn the indo_ vnr

little disturbing. iation.

Now, may I have the next slide? Since the lifetime for the ruby state is on the order of
ten to the minus three seconds, we have supposed that
the light the light may go in and be absorbed, and
then simply be stimulated out coherently with the
incident radiation.

However, every photon is absorbed with an absorp-
tion coefficient something like ten per centimeter,
essentially ten times in traversing the ruby once,.

2 X10" * This means many absorptions and reemissions will
occur. The probability for stimulating a photon out
of an excited state is a good deal less than tile pro-

, • babilily for its being reabsorbed. This question, sofar as- we are concerned, is not answered.

We would like to get tile index of refraction curves
for the unpumped sample and for tile sample as the
population is changed by pumping. Dr. Izatt didn't
menton this, but the sample is mounted in its own

c • pump cavity with a flash tube.
-I oi i 2

a x (Xa The ruby sample in addition to passing ruby light
from tile source, will produce fluorescent radiation.
Fluorescence radiation will fog the film. We have
been controlling tile pump light and filtering to see
that we dun'. get enough fogging to spoil tile fringes.

We have taker. the difference between tile two curves I have brought along prints of two pictures. (Prints
on slide 9, and this, is the difference in those curves. not reproduced here. ) These happen to be poor be-
We assume that in tile polarization where the lines are cause we had iust started the realignment after put-
weak, we are having no effect from the lines and in ting in some light traps at tile ruby faces, so tile
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fringes are not centered. They are not equally in- DR. McCLUNG: In other words, the actual tempera-
tense, but one of these shows the fringes taken ture may beas muchas thiritvorforL- de•rees higher,
through the unnumrpned saniple, and-the -other shuw
fringes taken when the sample is pumped about as PROF. DAW: iI would be very much surprised about
hard as we will ever pump it. Thus, we have as that, because we would then expect some kind of heat
much fluorescence as we expect and as much back- pulse to come up past our thnirmocouple which we
ground radiation. You can tell very little and I don't would see.
want to draw any conclusions from these pictures,
I think if you will look at them you will see that in DR. McCLUNG: Then the thermocouple reads the
fact the fringes have been shifted significantly by same temperature at the end?
the pump radiation, both in shape and in general
quality. PROF. DAW: Yes. In our geometry tl_/ruby is fas-

tened into a copper rod, and the thermocouple is lo-

MODERATOR BYRNE: Any questions or comments? cated also in the copper rod.

DR. McCLUNG: Yes, And the thermocouple indi-
PROF. SCHAWLOW: That bleaching suggestion cates, say 63. 5 degrees.
sounds reasonable to me. Have you made quantitative
estimates? PROF. DAW: Yes.

DAW: We have not made good quantitative DR. McCLUNG: I amn familiar with the system here.
PROF. bur te have o n ta e suaceitftihe The thermocouple indicates 63. 5 Kelvin prior to the
estimates, but the reflectivity on thle surface of the time that you fire the flash. Now, what is the tern-

sample is about 99 percent, and very little of the perature of the system as you read it on the thermo-

radiation enters the cavity. However, for those very couple after, I mean as soon as you can observe it

narrow directions at which it does go into the sample, calter the process?

it enters very well because you get complete trans-

mission where there is coherent addition. PROF. DAW: We don't observe any temperature

DR. McCLUNG: Are these temperatures that you shift.
quote here the starting temperatui u prinr to firitg DR. McCLUNG: In other words, the copper remains
the flashlamp, or the terminal tem,,eratuv'e at the end, thermally locked to the nitrogen bath, but I don't be-
or what? How are they related to the actual tempera- live the rmby does.

tur( at the time that the ruby is running as a laser?

PROF. DAW: These are the temperatures prior to PROF. DAW: Well, the ruby has a better conductiv-
the flashing of the lamp. ity than the copper at liquid nitrogen temperature.
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DR. McCLUNG: It has a very low heat capacity, and PROF. DAW,: Ours are almost always under 400
it has a very bad thermal contact with the copper block. joules.
Data that has been presented in numerous om:her places
indicate that in the temperature range between helium DR. QUELLE: As I recall the curve you had of the
temperature and somewhere above nitrogen tempera- anomalous dispersion there, the two peaks on the
ture, that it's not at all unusual to see temperature anomalous dispersion wvere separated by a small frac-
excursions of forty degrees or fifty degrees Kelvin in lion of an angstrom, is that correct?
the ruby, actually, itself, and this is determined by
absolute wavelength measurement as comnpared with PROF. DAW: Yes.
fluorescence emission wavelength. DR. QUELLE: Could we have that one? Slide 11.
You know that the fluorescence emission can at least The point that I am getting at is it is my understanding
be tagged very well to temperature, but you don't that thle anomalous dispersion will peak at tie half-
know what the temperature of the ruby is at the time widths of the line, which would comply with a. rather nar-
that you laser, and so you can actually measure the row line, more narrow than I had been led to believe.
temperature c( the sy,3tem by using a high resolution
spectrograph to locate the center of the line, and DRI. IZATT: This is the composite -f two lines,
thereby identify with no aunbiguity at all what the tem- which are separated by 0. 38 wave numbers, and each
perature is, and, therefore, the wavelength of the of which has a half-width of a tenth of an angstrom.
system is. You can see the two index curves that came through

fr611m the construction down there in the bottom half.
PROF. DAW: If you actually immerse it in a liquid You will notice the peak points are in each case
nitrogen bath, I would argue you also do not know the separated by twice the half-widths of the line: the
temperature of the ruby for the very same reason composite curve ,low has the bumps, as you call
that the heat is delivered into the ruby, but the heat them, which are separated by the smaller amount.
pulse usually sets in at some time delayed relative to It is a broadening effect when the two go together.
thc flash.

Incidentally, we ne "er use a temperature measure-
PROF. SCHAWLOW: Could I make a comment on it? ment in reducing any of thedata. We usethe wave-

length shift that comes from ihe Fahry-Perot inter-
We have some time ago made some measurements on ferometer exclusively. As I pointed out, if we
the output wavelength of a ruby under pumping condi- zssigned any whole order number shifts there, we
tions, and we found that when we cooled it, why, by would get either a slope to the wavelength-shift-
clov ing cold air on it we could never get it down to versus-temperature curve, which is even greater
the temperature of liquid nitrogen. That is, when it than it is at room temperature, or one which was
lasers, it's always above that. negative.

The wavelengths, this is wavelengths shift, if we im- I think ýhere is no ambiguity there, which once again
mersed the ruby in the liquid nitrogen and didn't hit it _ argues that the wavelengthI shiff that we ,put i .l,-ere
too hard, then the wavelengths would be the same wave- is pretty reliable.
lengths as we got in low energy fluorescence.

PROF. DAW: I don't know wvhether it 'was pointed
There is one point that I would like to mention without out or not, but this is in a vacuum system. We dere

commentdug as to whether you actually do or do not ot danot, b t Jri is o, so methiWg.
have a temperature shift, I don't know. There is the not dangling it in air or something.
interesting point which you will find in the literature,
that the shift in the line positioi, from absolute zero DR. McCLUNG: Oh, no, it's just a problem which
is quite closely proportional to the total heat absorbed. has beer observed by other people, that when you

try going down to these low temperatures, and, ý,
In other words, at very low temperatures the specific you pump the laser system itself, the laser cryst;tl,
heat is small, and the shift per degree is small. At it lakes a certain amount of energy just to invert the
higher temperatures tne shift per degree is larger, populations, and then you can calculate the energy
but with the shift per calory is constant. that is put into the lattice to just invert the popula-

tions, and this doesn't turn out to be a fantastic
DR. SOULES: Don't you cross-check wavelength shift amount of energy. It only causes the temperature
in the Fabry-Perot alone against the etalon? change to the order of magnitude of three or four

degrees, around three or four degrees.
PROF. DAW: We have this checked; and the tempera- Then you throw in a few other factors to account for
lure data which we gave, which fits rather nicely, the fact that not all of your pumping is in the green
would seem to indicate we do not have that large ex-
cursion. Furthermore, tlhe entire scan interval is band, and you can find--
about forty degrees. PROF. DAW: This is uhy I point out that the tem-

DR. McCLUNG: Yes. So I typically monitor temper- perature interval is not tIxed relative to these lines.
ature in the system that I work with which isn't that
munch below room temperature, and see temperature DR. McCLUNG: Yes.
excursions of the order of the magnitude of ten de-
grees, I might add at relatively low plmfnping powers. PROF. DAW: It can be slid to the right or left.
MODERATOR BYRNE: At what pump power? DR. McCLUNG: Dt-.pending upon the system, why, it

DR. McCLUNG, Of tie. magnitude of 500 joules in could be slid by quite a bit, or ft could 50 bleaching,
input energy. -. either one, too.
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PROF. DAW: Yes. I would think it would be very DRý McCLUNG: That may explain why you have two
unlikely that we were shifting sufficiently to miss mounds there instead of one. What is the separat*on
the lines, between the two?

DR. CULVER: Why isn't the output wavelength quite PROF. DAW: 0. 38 wave numbers. It's just right for

as well defined by the cavity ( ,sions of the laser? the ground state splitting. It could jump from one
It's thi output -- longitudinal: mode to the other, but we do not resolve

these in thi etalon. These two are resolved.

DR. IZATT: No. The point is that it is well defined
by te oherintrfermetr masuemen. Ibeleve DR. QUELLE: I would assumne that's the mazimumby the other interferometer measurement. I believe amount of -- multiply that by a factor of two or three

the argument that Prof. Schawlow was making just a for the maximum amount of pulling that you might get,

minute ago indicates that the curvature of this wave- do temature rs .

length versus temperature curve should go roughly due to temperature rises.
as Tili and a T4 curve, is essentially what weý haveýas Tm ad a curv isessntilly hatwe avePROF. DAW: Anyone can see the.se pictures if they

plotted there. If we were to shift those points inea- like. (Refers to prints on pumpee sample not repro-

sured neiar the liquid nitrogen temperature forty or liced here. )

fifty degrees in either direction, they wouldn't fit the

curvature of that curve well, at all. Note added at time-of editing: After the conference

it was confirmed by direct spectrographic observa-
I believe also Dr. Schawlow made the point that when tion of the laser emission that the measured source
the ruby is immersed in the liquid nitrogen, then the temperatures were in error by about 5'K. These
position of the line agrees with the nitrogen temper- measurements were made on a 13-meter Littrow
ature. Did I understand you correctly there? grating spectrograph which provided dispersion of

about 6 mm/A at 6934A. This instrument was made
PROF. SCHAWLOW: That wasn't all we did. We also available to us by Dr. John Evans, Superintendent of
used.a clad rod to get thermal ballast. There was the Sacramento Peak Observatory, Sunspot, New
about, I think, six times as much sapphire as tile Mexico. Details of the spectrographic measurements
ruby. ore reported in Variation of Refractive Index During

Laser Operations, Semi-annual Technical Report
PROF. IZATT: I might mention that in this clamping No. 3, J. R. Izatt, H. A. Daw, R. C. Mitchell,
arrangement the ruby is clamped tightly into the bot- Contract Nonr 3531(04), April, 1965.
tom of the copper rod with an indium gasket so that
reasonably good thermal contact can be made. MODERATOR BYRNE: Any further commen't?

DR. QUELLE: What fraction of the pumping time did I have one, and that is I would like to point out that
the laser actually lase? What I am getting at is if it the arrangements for the meeting were made by Lloyd

lased an appreciable fraction of the pumping time, White, and I think that he has done a fine job.
then if there was a frequency shift, you should see a
blurring of the fringes as the frequency changes. (Applause.)

PROF. DAW: It lases for about 200 microseconds. DR. CULVER: I would like to make one comment
befoe we break up. We all owe ONR quite a debt of

DR. QUELLE: Then Jr there was any appreciable gratitude, because I think this has been a very fine
shift with temperature, I would assume that you would meeting all the way around.
see a blurring of your fringes.

(WHEREUPON, at 3:45 o'clock P. M., the meeting
PROF. DAW: We do not see a blurring of the fringes, was concluded.)
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